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Abstract
Hypervelocity impact craters are the most abundant morphologic features on rocky
planetary bodies of the Solar System, except on Earth where they have mostly been erased
by plate tectonics, erosion, or are buried under sediments. The internal structure of complex
impact craters can only be studied on Earth by using ground-truth geophysical and
geological studies. Such approaches - combined with modeling - can reveal how impact
cratering, target geological composition, erosion and other post-impact processes can lead
to the observed geophysical anomalies, which could also be detected by remote
geophysical data on other planetary surfaces. In this work, a multidisciplinary approach is
conducted by coupling geological data to field and laboratory geophysics. Magnetic field
mapping, gravimetry measurements, electromagnetic soundings (EM34), paleomagnetic
analyses, rock magnetism and petrography techniques are used. Four impact structures in
Canada are studied: Haughton, Tunnunik, West and East Clearwater Lake. For the first
time, we reveal that the recently-discovered Tunnunik impact structure has typical negative
gravity and positive magnetic field anomalies, which help us to reconsider the brecciation
extent in the target rocks. The 20 km diameter Haughton crater, which is less eroded than
Tunnunik, shows evidence for an enhanced-magnetization in the core of the central uplift,
caused by impact-generated hydrothermal alteration. Some samples of the Clearwater Lake
impact structures in Québec are also studied with paleomagnetism, which helps to constrain
the different ages of the East and West Clearwater Lake impacts. This work has important
implications for our understanding of impact-cratering in the Solar System, especially
concerning the study of planetary surfaces. The important roles of post-impact processes
such as alteration and erosion on geophysical anomalies, petrophysical properties and
morphometry of complex impact structures are also discussed in detail, suggesting that
such effects should be more studied and quantified in future works.
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Résumé
Les cratères d'impact hypervéloces sont les structures morphologiques les plus abondantes
à la surface des corps planétaires telluriques du Système solaire, sauf sur Terre où ils ont
été pour la plupart effacés par la tectonique des plaques, l'érosion ou bien sont enterrés sous
les sédiments. La structure interne des cratères d'impact de type complexe ne peut être
étudiée en détail que sur Terre par des études géophysiques et géologiques de terrain. De
telles approches - combinées à de la modélisation - peuvent révéler comment le processus
de cratérisation, la composition des roches cibles, l'érosion et d'autres processus postimpact peuvent conduire aux anomalies géophysiques observées, qui peuvent également
être détectées par des données satellitaires sur d’autres planètes. Dans ce travail, une
approche multidisciplinaire est menée en couplant les données géologiques à la
géophysique de terrain et de laboratoire. La cartographie du champ magnétique, les
mesures gravimétriques, les sondages électromagnétiques (EM34), les analyses
paléomagnétiques, le magnétisme des roches et les techniques pétrographiques sont
utilisées. Quatre structures d'impact au Canada sont étudiées : Haughton, Tunnunik et les
lacs à l’Eau Claire Ouest et Est. Pour la première fois, nous révélons que la structure de
Tunnunik récemment découverte présente des anomalies de gravité négative et de champ
magnétique positif typiques, ce qui nous aide à reconsidérer l'étendue de la fracturation
dans les roches cibles. La structure d’Haughton de 20 km de diamètre, moins érodée que
Tunnunik, montre des signes d'une aimantation augmentée au centre de son soulèvement
central, ce qui est causé par l’altération hydrothermale induite par l’impact. Des
échantillons provenant des structures d'impact des Lacs à l’Eau Claire au Québec sont
également étudiés avec le paléomagnétisme, contribuant à contraindre les âges différents
des deux impacts. Ce travail a des implications importantes pour notre compréhension du
processus de cratérisation dans le Système solaire, notamment en ce qui concerne l'étude
des surfaces planétaires. Les rôles importants des processus post-impact tels que l'altération
et l'érosion sur les anomalies géophysiques, les propriétés pétrophysiques et la
morphométrie des structures d'impact complexes sont également discutés en détail,
suggérant que ces effets devraient être plus étudiés et quantifiés dans de futurs travaux.
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Résumé étendu (extended abstract in French)
1. Etat de l’Art et Méthodes
Les cratères d’impact sont les structures les plus représentées à la surface des planètes
telluriques, astéroïdes et comètes1. On différencie souvent les cratères d’impact de type
simple (forme concave standard) des cratères d’impact de type complexe. Ces derniers sont
en effet caractérisés par une zone centrale élevée (soulèvement central), une dépression
annulaire faillée et un bord structurellement compliqué, ils ont des ratios
profondeur/diamètre typiques de 1:10 à 1:20, ce qui signifie qu'ils sont aussi plus profonds
que les cratères simples2. Les seules véritables preuves scientifiques confirmant la présence
d'un cratère d'impact sont les critères de métamorphisme de choc, telles que l’observation
de cônes de percussion ou de structures de déformations planaires dans les minéraux
choqués. Même si toutes les roches affectées par un impact sont appelées « impactites »
(incluant les roches pré-impact), le processus de cratérisation résulte en la production
d’impactites néoformées telles que les brèches d’impact, les roches d’impact fondues, le
verre et les tectites. Les processus post-impact tels que l’érosion affectant les cratères
terrestres sont importants car ils peuvent en modifier les caractéristiques géologiques,
morphologiques et géophysiques. Par exemple, le diamètre D d’un cratère complexe est
souvent inférieur au diamètre apparent Da d’un cratère érodé (alors appelé « structure
d’impact »).
Cette thèse présente de nouvelles données géophysiques acquises sur le terrain dans des
structures d’impact de type complexe. Quelles sont les anomalies géophysiques
typiquement associées aux cratères d'impact de type complexe, et que peuvent nous
apprendre ces données sur leurs structures profondes et les processus associés à l’impact ?
Typiquement, la signature gravimétrique des cratères complexes correspond à une
anomalie de Bouguer négative. Ces anomalies augmentent généralement en taille et en
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amplitude pour un diamètre de cratère croissant3. Elles reflètent les densités réduites des
roches en raison de la fracturation induite par l’impact ou la présence de nouvelles roches
de densités plus faibles par rapport aux roches cibles originales 4. Des anomalies de
Bouguer positives liées à un épaississement crustal peuvent être observées aux centres des
grands bassins d'impact (D > 30 km) tels que sur la Lune. Les structures d'impact de D <
40 km peuvent être caractérisées par des anomalies de champ magnétique négatives (e.g.,
les Lacs à l’Eau Claire, voir Chap. 4), mais les structures de D > 10 km peuvent aussi être
caractérisées par des anomalies positives ou négatives de courte longueur d'onde (λ). Les
structures de D > 40 km sont généralement caractérisées par des anomalies positives ou
négatives à forte λ5. D’autres méthodes géophysiques telles que l’électromagnétisme, la
résistivité électrique, la sismique réfraction et réflexion, le géoradar ou encore la
magnétotellurique peuvent permettre de caractériser plus en détail la signature géophysique
des structures d’impact. L'étude de l'aimantation rémanente naturelle (ARN) des roches
crustales reflète le paléomagnétisme, technique qui permet de mieux comprendre les
processus d’impacts et de les dater. La structure d'impact de Lappajärvi en Finlande a été
datée par différentes méthodes, y compris le paléomagnétisme. La différence entre l'âge
paléomagnétique et l'âge absolu est par exemple interprétée comme un basculement postimpact de la couche de roche fondue6. Une approche similaire est utilisée ici pour
contraindre les âges des structures d’impact des Lacs à l’Eau Claire au Québec (Chap. 4).
D’autres applications possibles concernent par exemple l’étude de l'énergie de l’impact sur
la géodynamo7. Mais ici nous nous intéressons à la signature géophysique des structures
d’impact. Un bon exemple très bien décrit dans la littérature ancienne et récente est le cas
d’Haughton. Il s’agit en effet d’une structure de 23 km de diamètre caractérisée par une
anomalie magnétique positive couplée à une anomalie gravimétrique négative (Chap. 3),
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le tout au niveau du centre géographique du cratère. Ces signatures en champ potentiel ont
permis de déduire (par modélisation notamment) la géométrie du soulèvement central, ou
encore sa composition (probablement affectée par de l’altération hydrothermale postimpact).
Est-ce que ce type de signature est commune à d’autres structures ? Nous allons maintenant
révéler la signature géophysique de la structure de Tunnunik au Canada, et voir comment
l’érosion a pu modifier cette signature.
2. Effet de l’érosion sur la signature géophysique des structures d’impact de
taille moyenne : le cas de Tunnunik
Cette partie est un article en cours de finalisation qui va être soumis à la revue Meteoritics
& Planetary Science.
2.1 Contexte et méthodes utilisées
La structure d’impact de Tunnunik est située dans l’archipel arctique de l’Ouest canadien
(75 ° 28'N, 113 ° 58'W). Sur la base de l'observation de strates inclinées et de la répartition
des cônes d’impact, Dewing et al.8 décrivirent une structure d’impact circulaire d'environ
25 km de largeur. La séquence cible est composée de roches sédimentaires cambrosiluriennes (principalement des carbonates) de la Plate-forme Arctique. Les formations
identifiées dans le diamètre de la structure comprennent, des plus anciennes aux plus
jeunes, les formations de Wynniatt (« Shaler Supergroup »), Mount Phayre, Victoria Island
et Allen Bay8. Des intrusions sous forme de dykes de dolérite sont aussi présentes dans la
formation de Wynniatt. Aucune étude géophysique n’avait été menée à Tunnunik jusqu’à
présent.
À l’été 2015, deux semaines de géophysique de terrain ont été réalisées à Tunnunik, en se
concentrant sur les méthodes classiques de magnétisme et gravité. Les variations de
l'intensité du vecteur du champ géomagnétique (champ total) ont été cartographiées à l'aide
d’une sonde mobile à vapeur de césium MagMapper G-858 de Geometrics. Les variations

8
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de champ interne et externe ont été supprimées à l'aide d'un magnétomètre fixe G-856 à
précession de protons de Geometrics. La gravité a été mesurée via un gravimètre CG-5
(Scintrex). Ces données gravimétriques ont été traitées à l’aide de données dGPS et une
série de corrections standards ont dû être appliquées pour éliminer la marée, la dérive, la
latitude, l’altitude, les effets topographiques et enfin obtenir l’anomalie complète de
Bouguer. Des sondages électromagnétiques ont aussi été réalisés à l'aide d'un appareil
EM34-3 de Geonics Ltd. Des valeurs de densités relatives ont été utilisées pour contraindre
un modèle numérique direct donnant une solution possible permettant d’expliquer les
anomalies mesurées sur le terrain.
2.2 Résultats
La carte de l’anomalie de gravité de Bouguer révèle une anomalie asymétrique négative de
3 mGal d’amplitude et ~13 km de longueur d’onde au centre de la structure d'impact de
Tunnunik. La carte interpolée de l'anomalie magnétique du champ total au centre de la
structure montre une anomalie positive d’amplitude totale de ~100 nT. Les mesures
électromagnétiques montrent une anomalie de conductivité apparente (jusqu'à > 28 mS m1

) qui s'étend sur environ 1 km et est associée à un haut topographique local. Ces trois

anomalies détectées via différentes méthodes ne semblent pas forcément corrélées.
2.3 Discussion
Ces mesures exceptionnelles à Tunnunik confirment la présence d'une anomalie
géologique et géophysique centrée sur le cratère. En utilisant la modélisation directe, la
géométrie des sources correspondant à ces anomalies a pu être estimée. Elle confirme
l’érosion importante de la structure d’impact, avec une zone fracturée limitée à 1 km de
profondeur dans son état actuel. Couplée à un taux d’érosion estimé pour la structure
voisine d’Haughton et à l’âge possible de l’impact, cela suggère qu’environ 1-3 km de
roches ont été érodées depuis l’impact. Le diamètre original de la structure devait avoir une
extension minimale de 13 km. L’anomalie positive du champ magnétique est liée à un
soulèvement central du socle hautement magnétique, dont la géométrie est probablement
asymétrique. Ce soulèvement est également révélé par la gravimétrie. L’hétérogénéité des
propriétés physiques dans le soulèvement central indique peut-être un impact oblique.

10

L’origine de l'aimantation est encore inconnue. Une possibilité pourrait être
l’hydrothermalisme généré par l’impact qui augmente l’aimantation des roches dans le
soulèvement central. Le prochain chapitre présentera des éléments de preuve étayant cette
hypothèse dans une autre structure d'impact.
3. Effet de l’altération hydrothermale sur la signature géophysique des
structures d’impact de taille moyenne : le cas d’Haughton
Cette partie est un article publié dans la revue Meteoritics & Planetary Science.
3.1 Contexte et méthodes utilisées
La structure d’Haughton, située sur l’île Devon dans l'Arctique canadien (75 ° 22'N, 89 °
41'W), a un diamètre apparent d’environ 23 km9. La séquence cible est composée de roches
du Paléozoïque inférieur (sédiments cambrien, ordovicien et silurien d'environ 2 km
d'épaisseur) recouvrant les roches métamorphiques précambriennes du Bouclier canadien.
Des dykes massifs de dolérite sont intrusifs dans toutes les roches pré-paléozoïques.
L’impact a aussi produit une importante couche de roches fondues. En réagissant avec les
eaux de surface, cette couche de roche en fusion a créé un système hydrothermal qui a
refroidi pendant plusieurs dizaines de milliers d'années, générant une altération
hydrothermale des impactites (visible à plusieurs endroits du cratère, sauf au centre
géographique). Haughton possède une anomalie de gravité négative de 24 km de diamètre
avec un minimum local au centre du cratère d’environ -12 mGal10. Cette anomalie de
gravité est associée à une anomalie positive du champ magnétique de 1.2 km de largeur
avec une amplitude maximale de 900 nT. Le maximum de l'anomalie au sol correspond à
un gradient local de 20 nT m-1, indiquant que certaines parties de la source aimantée
principale peuvent avoir atteint la sub-surface. Une modélisation numérique de la source
aimantée montre qu'un contraste d’aimantation de ~1.5 A m-1 est nécessaire pour expliquer

9
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l’anomalie, avec les parties les moins profondes (< 30 m) ayant une aimantation plus élevée
de ~ 2.3 A m-1 11.
Le travail de terrain mené en 2010 a suggéré que ces parties superficielles de la source de
l’anomalie magnétique centrale à Haughton étaient atteignables via un forage. En 2013,
trois forages situés au centre du cratère et nommés F1, F2 et F3 ont donc été réalisés. Une
nouvelle cartographie à haute résolution du gradient vertical du champ magnétique a été
utilisée pour localiser précisément le pic de l’anomalie et pour planifier les emplacements
de forage dans des zones avec des signatures magnétiques différentes. Un log en gradient
magnétique vertical ainsi que des sondages de tomographie de résistivité électrique ont
aussi été effectués pour corréler les carottes récupérées dans les forages avec les propriétés
physiques de la sub-surface. En laboratoire, un susceptibilimètre a été utilisé pour mesurer
la susceptibilité magnétique volumique des carottes. Pour les mesures et les
désaimantations par champ alternatif des aimantations rémanentes naturelles (ARN) et
anhysterétiques (ARA), un magnétomètre cryogénique a été utilisé. Un magnétomètre à
échantillons vibrants a aussi permis de déterminer la minéralogie magnétique. Une
description pétrographique macroscopique détaillée des carottes a été réalisée par
inspection visuelle et grâce à une loupe de poche. L’analyse des lames polies a été réalisée
grâce à une microsonde électronique. Enfin, des mesures de fluorescence X ont été
effectuées à l'aide d’un instrument portable.
3.2 Résultats
Au niveau des forages, quatre formations de résistivité électriques ont été définies : une
zone horizontale de faible résistivité, une zone de résistivité intermédiaire, une zone à haute
résistivité et enfin une anomalie de faible résistivité dans le permafrost avec un minimum
local ≤ 100 Ω m. La carte du gradient vertical du champ magnétique révèle des anomalies
positives de ~ 20-30 nT m-1. Un signal de ~20-25 nT m-1 a été mesuré au niveau de F1,
~30-35 nT m-1 sur F2 et ~0 à -5 nT m-1 sur F3. Le log magnétique effectué dans le puit de
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forage F2 depuis la surface jusqu’à 8 m de profondeur montre de forts gradients, en
particulier vers -4.5 m, atteignant plusieurs centaines de nT m-1. Une corrélation positive a
été observée entre des valeurs de faible résistivité (~100-600 Ω m) et un gradient vertical
du champ magnétique élevé (~ 20-30 nT m-1).
Au niveau lithologique, la carotte F2 est une brèche d’impact blanche polylithologique
avec des clastes arrondis abondants et une altération pervasive, tandis que la carotte F3 est
une brèche d'impact grise polylithologique avec des clastes angulaires abondants et aucune
altération visible macroscopiquement. La carotte F2 a des structures spécifiques qui ne se
trouvent pas dans la carotte F3 et dans les échantillons de surface. Par exemple, des veines
de gypse de taille centimétrique y ont été observées macroscopiquement. L’analyse à la
microsonde électronique montre un halo d’oxydes et de sulfures de fer secondaires autour
d’un claste de dolérite. Les résultats des mesures de fluorescence X montrent que F2 et F3
ont des teneurs similaires en Fe et Ti, mais que F2 est enrichi en S, Si, Mg et légèrement
en Ba, tandis que F3 est enrichi en Ca et Sr, relativement. Un résultat important est la
différence de densité solide et de porosité entre F2 et F3. F2 est caractérisé par une densité
solide moyenne de 2.43 associée à une porosité moyenne de 28 %. F3 a une densité solide
de 2.70 qui est identique à celle d’un échantillon provenant de la surface - et une porosité
de 34 % également supérieure à F2. F2 a une ARN moyenne ~ 5 fois supérieure à F3 (0.2
A m-1 pour F2 et 0.04 A m-1 pour F3). En outre, les valeurs maximales de susceptibilité et
d’ARN sont 3 et 13 fois supérieures dans F2, respectivement. Cette différence est
confirmée dans les mesures des cuttings. La susceptibilité magnétique volumique est
corrélée à la colonne lithostratigraphique : des pics locaux sont liés à la présence de clastes
mafiques dans des zones altérées par hydrothermalisme. L’inclinaison moyenne de l’ARN
est similaire dans les deux carottes et confirme la direction précédemment enregistrée par
les clastes des brèches d’impact (I = 71°)12. Si la différence entre les carottes F2 et F3 est
importante, il convient également de noter que l'aimantation de F3 est malgré tout
significativement plus élevée que l’ARN des échantillons prélevés en surface, dont
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l'intensité d’aimantation totale est inférieure à 0.01 A m-1. Les mesures d’hystérésis ont
donné les rapports suivants pour F2 : 0.11 < Mr / Ms < 0.31 et 1.81 < Bcr / Bc < 2.46. Ces
résultats sont complétés par le champ destructif médian (CDM) de l’ARA, pour lequel
toutes les valeurs sont comprises entre 21 et 26 mT pour la carotte F2G1-H3 avec des
valeurs moyennes et médianes égales à 23 mT. Les résultats sont similaires dans les
échantillons F3 (2.05 < Bcr / Bc < 2.28 et 0.14 < Mr / Ms < 0.31) tandis que le CDM ARA est
légèrement supérieur avec une moyenne de ~31 mT. Les courbes thermomagnétiques
présentent des inflexions vers 580 °C et 500 °C.
3.3 Discussion
Cette étude comprend la description de plusieurs nouvelles caractéristiques qui n'ont jamais
été décrites précédemment à Haughton, telles que des brèches d’impact altérées par
hydrothermalisme et une anomalie de faible résistivité couplée à un gradient de champ
magnétique élevé près de la surface. Les mesures magnétiques couplées aux observations
pétrographiques

indiquent

que

l’altération

hydrothermale

est

responsable

de

l’augmentation du signal magnétique des roches fondues par cristallisation de minéraux
magnétiques (magnétite), ce qui entraîne une susceptibilité magnétique accrue et une
acquisition possible d’aimantation rémanente chimique. Cependant, l'aimantation totale
des roches récupérées est inférieure d'un facteur huit à celle de l’aimantation de la source
profonde nécessaire pour expliquer l’anomalie du champ magnétique. Les anomalies
géophysiques de subsurface qui se superposent à l'anomalie principale du champ
magnétique sont attribuables à des processus épigénétiques post-impact tels que la
sédimentation et la concentration de grains magnétiques.
4. Paléomagnétisme des structures d’impact de type complexe
Cette partie est un article en cours de finalisation.
4.1 Contexte et méthodes utilisées
Les Lacs à l’Eau Claire au Québec sont deux structures d’impact de taille moyenne de
diamètre ≥ 36 et ~ 26 km. En raison de leur proximité, ils ont été historiquement considérés
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comme le résultat de l’impact d’un astéroïde binaire13. Cette hypothèse repose entièrement
sur un seul âge radiométrique Rb-Sr de 287 Ma pour la structure Est14. Les aimantations
rémanentes caractéristiques (ChRMs) trouvées dans les deux structures ont d’abord été
interprétées comme indiquant un âge Permien pour les deux impacts13. Cependant, d’autres
auteurs ont interprété les différences dans les ARNs des deux structures comme une preuve
contre la théorie de l’astéroïde binaire, ce qui semble être confirmé par de nouvelles
datations radiométriques15. 75 petites carottes orientées (dont 37 roches fondues et brèches
d'impact, 32 granites, 3 granodiorites et 3 gabbros) ont été échantillonnées à l'intérieur et
autour du cratère ouest au cours d'une campagne de terrain en 2015. Des deux carottes de
forage récupérées dans le cratère Est, seule celle du puits 1-64 peut être utilisée à des fins
paléomagnétiques car le forage était vertical. Les échantillons ont été mesurés dans un
magnétomètre cryogénique et désaimantés. Les ChRMs de sites calculées pour les brèches
et le socle ré-aimanté sont transformées en pôles géomagnétiques virtuels (PGV) à l'aide
du logiciel PaleoMac16. Les deux directions indépendantes sont combinées pour former un
PGV moyen pour la structure Ouest. Ce PGV est comparé sur une projection polaire avec
le chemin de dérive apparente du pôle (CDAP) pour l'Amérique du Nord à l’aide des bases
de données de PaleoMac17.
4.2 Résultats
33 ChRMs d’échantillons de brèches et roches d’impact fondues ont donné une ChRM de
site à polarité inverse très bien définie (I = -28 ° et D = 148 °). Cette ChRM est de bonne
qualité avec des points fortement groupés (α95 = 3.8). Elle est comparée aux ChRMs des
échantillons du socle, qui sont pour la plupart dispersées et ont donné des directions
normales et inverses. Par conséquent, la ChRM des impactites ne correspond pas à la
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plupart des directions du socle, indiquant qu’elle représente la direction du champ
géomagnétique au moment de l'impact. Le socle localisé au centre de la structure (anneau
central et îlots centraux), a donné une ChRM comparable et est donc considéré comme réaimanté par l’impact. Il est intéressant de noter que le granite au centre du cratère a
conservé près de 50 % de son ARN initiale, tandis que les granites présents sur les îles de
l’anneau central en ont conservé environ 20 %, alors que ceux du bord du cratère sont
complètement désaimantés à 110 mT. Le PGV des roches d’impact fondues est compatible
avec un âge de 280-290 Ma. Au cratère Est, les données d’inclinaison du forage 1-64 ont
pu être utilisées. Les résultats sont trois directions paléomagnétiques indépendantes pour
les différentes lithologies échantillonnées : le granite, les sédiments et les roches fondues
par impact. Elles ont donné une inclinaison paléomagnétique positive moyenne de ~ 26,5
± 41,3 °. Malheureusement, l'erreur sur l'inclinaison du cratère Est est très importante, un
problème lié au faible nombre de spécimens qui a pu être mesuré.
4.3 Discussion
Au cratère Ouest, le résultat fortement groupé (α95 = 3.6) indique que la couche de roches
fondues par l’impact est compatible avec un âge Permien. Ce résultat est en accord avec
les âges radiométriques qui font consensus autour de 280 Ma pour cette structure18. Par
conséquent, nous considérons les nouvelles données apportées dans la présente étude
comme des preuves supplémentaires soutenant un âge Permien pour l’impact de Clearwater
Ouest. Une zonation de coercivité augmentant vers le centre du cratère est observée dans
les granites et possiblement liée à l’altération ou au choc induit par l’impact. Le cas de la
structure Est est plus difficile à interpréter, car très peu de données sont disponibles. Il est
intéressant de noter que l'inclinaison observée dans les granites de Clearwater Est ne
semble pas compatible avec un impact d'âge ≥ 300 Ma, ce qui est pourtant différent de
l'inclinaison des brèches d’impact, éventuellement compatible avec ces âges. Nous pensons
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que les différences observées à la fois dans la littérature19 et dans le présent travail plaident
contre l’hypothèse du double impact.
5. Conclusion générale et discussion
Les contraintes sur les âges des structures des Lacs à l’Eau Claire ont été améliorées et
l’âge de l’impact Ouest confirmé. Malgré tout, le paléomagnétisme reste une technique qui
nécessite aussi un nombre relativement important d'échantillons, condition qui n’a pu être
réalisée pour la structure Est. À Tunnunik, la modélisation d’une zone de densité réduite
profonde de 1 km couplée à l’estimation des taux d’érosion à Haughton suggère qu’une
érosion post-impact de 1 à 3 km est possible à Tunnunik. Les structures ayant des niveaux
d'érosion importants ont tendance à avoir des anomalies de gravité plus petites20. Ceci est
confirmé par le minimum de gravité mesuré à Tunnunik, qui lorsque placé sur le
diagramme D = Δg, fait partie des valeurs négatives de gravité les plus faibles pour une
structure de cette taille. Cette étude souligne le fait que de nouvelles données géophysiques
de haute résolution (acquisition au sol) sont nécessaires pour mieux contraindre les
relations entre le niveau d'érosion et le diamètre final du cratère. À Haughton, des roches
d’impact fondues altérées par hydrothermalisme sont décrites pour la première fois grâce
à des forages superficiels. La carotte altérée est environ cinq fois plus aimantée que les
roches en apparence non altérées, mais le signal reste inférieur à ce qui a été modélisé pour
la source de l’anomalie principale. L’altération hydrothermale post-impact peut contribuer
de manière significative aux anomalies magnétiques locales dans les structures d’impact
terrestres et devrait être étudiée plus en détail. Les preuves de systèmes hydrothermaux
associés aux cratères d’impacts sur d'autres planètes du Système Solaire s’accumulent,
comme sur Mars où des observations minéralogiques et morphologiques ont été réalisées.
L’importance des processus post-impact sur le processus de cratérisation lui-même est
démontrée dans cette étude, ainsi que leur influence sur les anomalies géophysiques. La
notion développée dans ce travail et qui devrait être plus largement étudiée, est le concept
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de « signature géophysique » des cratères et/ou structures d'impact. Cette notion doit
pouvoir évoluer et être améliorée avec le temps.
Par exemple, un travail futur devrait être de classer la signature géophysique des structures
d'impact en fonction de leur état d'évolution, c'est-à-dire pour un certain type et taille de
cratère, quel est le « niveau » de la signature géophysique en fonction des processus postimpact qui l’affectent ?
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Preface
The topic of impact cratering is geology’s latest revolution. Hypervelocity impacts of
meteorites and comets are probably the geological process which is the hardest to visualize,
because the energy generated is beyond possible comprehension and the phenomenon
happens in seconds to minutes. Consequently, meteorite impacts have tremendous negative
and positive (mineral resources, biological niches) effects on the Earth, its materials and
life at its surface. The potential for future space missions is also important, and I expect the
science of impacts to develop more intensely in the medium-term future as human missions
to other worlds are planned. In fact, as I like to say, “craters are windows” into the
subsurface of planets, and allow us to access the underground geology otherwise
inaccessible. But on Earth, where most craters have been hidden by active geological
processes, we must find a way to access them. In this respect, geophysical techniques are
very useful. They allow us to image the underground with high precision, revealing deep
structures, central uplifts, faults and other boundaries normally unseen by geological tools.
In this work, we focus on mid-size complex Canadian impact craters because the Canadian
Shield is one of these old terranes in the world where numerous craters are found. Also,
impact craters can be exceptionally well preserved in environments such as the Arctic, and
Canadian craters are arguably some of the best studied in the world. However, relatively
few studies have looked at the geophysical signature of complex impact craters, most of
which have just focused on defining the overall trends of the magnetic and gravimetric
anomalies over entire structures. But the geology of impact structures can be tremendously
complex, and as a geologist who unexpectedly had to jump into geophysics, I am now
convinced that a look in great details at rocks from macroscopic field observations, to
microscales under the microscope, and combining meticulous petrographic observations
with thorough field and laboratory geophysical measurements, is a key for future works to
go beyond classical studies and challenge current interpretations. I wish you a good journey
in the curious world of hypervelocity impact cratering.
William Zylberman
20th September 2017
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Chapter 1
Literature Review

Drawings of the Moon by Galileo Galilei, published in Sidereus Nuncius (1610)
(In Melosh 1989)
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1

Literature Review

1.1 Hypervelocity impacts
Hypervelocity impact happens when a cosmic object is large enough and coherent enough
to pass through the atmosphere with no or little deceleration so that it will strike at virtually
its original cosmic velocity (>11 km s-1, French 1998; in Osinski 2013). The required sizes
for such objects are typically > 50 m for a stony body and > 20 m for an iron object (French
1998). This is different from relatively lower velocity impacts produced by smaller and/or
less coherent objects, and all along this thesis the term “impact” will be used to refer
exclusively to impacts of the hypervelocity type. In fact, projectiles of only a few meters
in size disintegrate or break up when passing through the atmosphere and produce only
small penetration craters in which entire or pieces of projectiles can be found, with impact
velocities of a few hundred meters per second (French 1998).
In contrast, the projectile are rarely found in hypervelocity impact craters, because it is
melted and/or vaporized at the contact with the ground. In fact, shock waves radiate from
the point of impact at speeds which can exceed 10 km s-1, and propagate in the pre-impact
target rocks and in the projectile itself. Normally, terrestrial rocks undergo elastic and
plastic deformations at ~1 GPa, while peak shock pressures encountered during
hypervelocity impacts can reach several hundred GPa (Fig. 1.1) (French 1998).
As a comparison, the most powerful earthquake ever recorded (Chile, 1960), of magnitude
9.6 on the Richter scale, released an energy of 103-104 TNT Equivalent/Megatons, while
the Chicxulub impact in Mexico is believed to have released an energy nearly four orders
of magnitude higher, between 107-108 TNT Equivalent/Megatons (Fig. 1.2). Therefore,
hypervelocity impacts are exogenous geological processes that release energies from far
greater than the most powerful endogenous or human processes on Earth. It is easy to
understand, then, that they can have dramatic consequences for the geology, climate, and
Life at the Earth’s surface.
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Figure 1.1. Contact/compression stage: shock-wave generation and projectile
deformation. Theoretical cross-section of the impact of an originally spherical
projectile onto a uniform target. When shock waves reach the rear of the projectile,
they will be reflected forward as rarefaction (or tensional) waves, resulting in
melting and/or vaporization of the projectile itself. Pressures are in GPa. (From
French 1998; modified after Melosh 1989; after O'Keefe and Ahrens 1975).

Figure 1.2. Comparison of the energy released during hypervelocity impacts with
endogenous geological processes and man-made explosions. Vertical axis represents
the frequency of impact events as the estimated interval in years for a specific size of
event. As an example, an impact of the size which formed Barringer Crater is
expected once in 1900 years. (Data from French 1998; in Osinski and Pierazzo
2013).
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1.2 Morphometry of hypervelocity impact craters
Hypervelocity impact craters are subdivided into two main groups based on their
morphology: the simple and complex types. The transition from simple to complex types
is inversely proportional to gravity (1/g), which suggests that collapse happens when a
certain breaking threshold is reached (Osinski and Pierazzo 2013).

1.2.1

Simple craters

A simple impact crater typically comprises a circular bowl-shaped depression. When fresh,
it has an uplifted rim covered by impact ejecta. The true crater is filled with newly-formed,
impact-generated deposits such as impact breccias and melt rocks, while the crater floor is
made of shocked, fractured and brecciated target rocks (Fig. 1.3). Simple craters have
typical depth-to-diameter ratios of 1:5 to 1:7 (Melosh 1989). Simple craters on Earth
transition to the complex type at diameters of 2 and 4 km, depending if the main type of
target rock is sedimentary or crystalline, respectively (Osinski and Pierazzo 2013).

Figure 1.3. Simple impact crater. Schematic cross-section of the principal elements
of a fresh, simple impact crater in crystalline rocks. D is the final (rim-to-rim)
diameter, da the apparent depth and dt the true depth. (Grieve 1987).
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1.2.2

Complex craters

Complex craters differ from simple ones by their morphological expression: characterized
by an uplifted central area (central or structural uplift, SU), a down-faulted annular trough
and a structurally complicated rim (Fig. 1.4, top), they have typical depth-to-diameter ratios
of 1:10 to 1:20, meaning that they are also shallower than simple craters (Melosh, 1989).
The main thing that they share in common with simple craters is the circular morphology,
and the fact that the depression is filled with impact products while the rim is covered by
ejecta in fresh (young/undeformed) impact craters. These products can be partially or
totally removed in eroded (older) craters, which then are called “impact structures” (Fig.
1.4, bottom). This results in difficulties in determining the morphometric parameters (D,
da and dt) of the original crater, and generally only an apparent crater diameter (Da) can be
determined based on the outermost ring of (semi-) continuous concentric normal faults,
which is the case for most impact structures on Earth (Osinski and Pierazzo 2013).

Figure 1.4. Complex impact crater. Top: fresh complex impact crater with ejecta
(blue) covering the faulted rim and allochthonous crater-fill deposits (red) filling the
depression. SU = Structural Uplift, dt = True depth, da = Apparent depth, D = Final
crater (rim-to-rim) diameter. Bottom: eroded complex impact structure. Da =
Apparent crater diameter (where topographic rim eroded away) (Osinski and
Pierazzo 2013).
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1.3 Geology of complex impact craters
1.3.1

Subsurface structure

The general morphology of complex impact craters has been described above. However,
in detail these general characteristics are a lot more complicated and the geology of
complex impact craters can comprise several different lithological facies linked together in
three main tectonic settings (Fig. 1.5): the apparent crater rim, the down-faulted annular
trough, and the central uplift (Kenkmann et al. 2013).

1.3.1.1

Crater rim

Defining where the crater rim is located is of critical importance to define the size of an
impact crater, that is its apparent diameter (Da) and its final (rim-to-rim) diameter (D). The
apparent crater rim comprises tectonic normal faults that undergo unconstrained dip-slip
toward the center of the crater, resulting in the formation of terraces on which ejecta and
sediments can eventually be deposited. Deeply eroded impact structures can partially lack
these faults, and Da is then defined on the basis of circumferential monoclines that can be
combined with normal faults (Fig. 1.5). These monoclines are open folds in which a side
of the fold remains in situ, without movement. Often, the inner limb of a crater monocline
dips downward towards the crater center, and the hinge of the monocline defines the crater
rim (Kenkmann et al. 2013). These features are hard to observe on Earth, because most
fresh terrestrial craters have been exposed and then eroded. However, it can be expected
that marine-target craters are well preserved below sediments (e.g., Chicxulub), and thus
those structures could be observed, notably via geophysical imaging such as seismic
methods. This fact should be kept in mind as it will be of critical importance for future
marine geology exploration. However, such structures can also be heavily modified by
instant tsunamis and/or filled with resurge deposits (e.g., Lockne; Osinski, Pers. Comm.)

1.3.1.2

Annular trough

The down-faulted annular trough is located between the crater rim and the central uplift
(Fig. 1.5). Often filled with impact breccias and/or melt rocks, annular trough are
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asymmetric in cross-section with a base composed of listric normal faults gradually
transitioning to detachment faults, steeply dipping stacks of faults, and even outwarddipping reverse faults in the inner part of the syncline, at the transition with the central
uplift. Obviously, this means that the annular trough has nothing to do with a simple
synform structure, rather it decomposes into several segments bound by tectonic faults.

Figure 1.5. Schematic block diagram showing characteristic structural features of a
partly eroded complex impact crater, formed during the modification (final) stage of
crater formation. (Kenkmann et al. 2013).

1.3.1.3

Central uplift

The central (or structural) uplift presents the highest degree of deformation and is
composed of rocks brought from depth to the surface via dynamic movements during crater
formation. Because of this uplifting process, basement rocks (e.g., granite) and
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stratigraphically deep formations are found within central uplifts. A megablock zone can
also be present. The edge of central uplifts is a structurally complicated zone, where stacks
of reverse faults can merge with radial folds. These anticlines and synclines, resulting from
convergent mass flow, usually plunge outward or steeply towards the core of the structural
uplift, resulting in vertical or overturned beds (Fig. 1.5) (Kenkmann et al. 2013).
The three tectonic settings described above all form during the modification stage of crater
formation, which is the third and last stage of formation of an impact crater (for more detail
on the stages of crater formation, see Melosh 1989, French 1998 and Chapters 1, 3, 4, 5 in
Osinski and Pierazzo 2013). Importantly, the features described here can be subsequently
modified or hidden by post-impact processes such as erosion, hydrothermal alteration,
tectonic activity, and sedimentation, further complicating their understanding.
As crater size increases, complex craters with no internal rings transition to having a peakring and eventually turn into multi-ring impact basins. The mechanics of peak-ring
formation were debated until recently, because no material was available from the only
unequivocal peak-ring structure on Earth, i.e., the Chicxulub crater in Mexico (Appendix
A2). Peak-rings likely form from overheightened central peaks after the dynamic collapse
of the transient crater cavity, a dramatic process which can move rocks over large vertical
distances (> 20 km) in a matter of about 10 min (e.g., Morgan et al. 2016).

1.3.2

Impact lithologies

The impact process results in a variety of newly-formed impact lithologies, such as impact
melt rocks, suevites, breccias and fractured target rocks. All of these are “impactites”, a
term which also includes any rock affected by impact metamorphism (e.g., shocked preimpact target rocks) (Stöffler and Grieve 2007). It is beyond the scope of this work to
describe all the types of impactites.
On the basis of emplacement, impactites are subdivided into three main types:
autochthonous (formed in place), parautochthonous (moved but appear in place) and
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allochthonous (formed elsewhere and moved to their current location) impactites (Grieve
and Therriault 2013).
Here, the focus is mainly on impact melt rocks and breccias, and a basic understanding of
their classification will be useful to better understand impact processes and their associated
geophysical signature (Chap. 3). Melt-bearing impactites can be subdivided on the basis of
textural relationships between the elements (e.g., clasts, crystals) included in a groundmass
(or matrix) and its clast content. An important difference is between impact melt rocks and
impact melt-bearing (lithic) breccias (also named “suevite”), which have a clastic
groundmass composed of angular melt fragments (Osinski et al. 2013) (Fig. 1.6).

Figure 1.6. Classification scheme for impact melt-bearing impactites based on
textural characteristic of the groundmass/matrix with respect to melt phases and
clast content. (In Osinski et al. 2013; after Osinski et al. 2008).
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1.3.3

Shock metamorphic markers

The only definite scientific proofs for the presence of an impact crater are shock
metamorphic criteria. In fact, only hypervelocity impacts can bring rocks to such high
pressures that they will undergo irreversible changes such as the formation of planar
microstructures and phase transformations (Fig. 1.7) (Ferrière and Osinski 2013). The most
well-known shock metamorphic markers are called shatter cones: they are conical striated
fracture surfaces representing the passage of the shock wave through the rock, and are
visible by the naked eye (Fig. 1.8). Microscopic shock metamorphic markers include, for
example, planar deformation features (PDFs), planar features (PFs), diaplectic glasses, and
high-pressure polymorphs of quartz (coesite and stishovite).

Figure 1.7. P-T diagram showing comparative conditions for shock metamorphism
and “normal” crustal metamorphism. (In Osinski and Pierazzo 2013; modified after
French 1998).
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Figure 1.8. Photography of shatter-cones on a dark fine-grained carbonate rock of
the Wynniatt Fm., at the center of the Tunnunik impact structure (Canadian
Arctic). See Chap. 3 for details on Tunnunik.

1.3.4

Erosion and structure diameter

In order to characterize the geological structure of a complex impact crater with
geophysics, it is important to first understand which processes can possibly modify the
initial structure (§1.2.2), and therefore influence the geophysical anomalies. Especially,
mid-size (20-40 km) complex impact craters are interesting targets, because they are big
enough to have all the characteristics of complex impacts such as a central uplift and a
terraced crater rim, and at the same time are small enough to allow ground field studies to
be conducted (Osinski and Grieve 2013).
The fundamental processes of impact cratering are basically the same, but it is likely that
differences in pre-impact target rocks play a role in observed morphological differences
between craters, especially concerning the formation of central uplifts. However, very little
information is given concerning post-impact processes (such as sedimentation, erosion,
post-impact deformation, glaciogenic effects, etc.) influencing the morphology of impact
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structures. If sedimentary cover is often mentioned and quantified based on the study of
sedimentary deposits filling impact basins (e.g., Haughton, Osinski et al. 2005; Ries,
Schmidt-Kaler 1978), it is not the case for erosion which is the main (and inevitable)
geological process responsible for modifying the morphology of impact craters (and
therefore their geophysical signature) over time, including the distribution and thickness of
their sedimentary cover (Fig. 1.9). Interestingly, there seem to be very little attempt in the
scientific literature to quantify the amount of erosion (e.g., erosion rates) at eroded impact
sites, and therefore to discuss its effect on geophysical anomalies in broader comparative
studies.
For example, the final (rim-to-rim, or rim) diameter D of the Haughton crater is less than
its apparent crater diameter Da, because of the effect of erosion which reveals faults located
outside of the crater rim and previously covered by ejecta (Fig. 1.9). In fact, this means that
the region affected by the impact can be wider than the single crater diameter D, and can
be affected by shock (not in the rim), fracturing, and ejecta deposition. However, the
erosion at Haughton has been estimated to be quite low, with an average value comprised
between 100 and 200 meters only (Osinski et al. 2005). Indeed the allochthonous impactite
layer is still well-preserved in most of the crater area, as well as some remnants of the
Neogene-age Haughton Formation (Osinski et al. 2005). This indicates that the Canadian
Arctic has been subjected to a relatively low erosion rate, at least since the formation of
the Haughton crater at ~24 Ma (Young et al. 2013).
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Figure 1.9. Schematic cross-sections depicting the newly formed Haughton impact
crater and its present-day erosion state. The fresh impact crater has an uplifted rim
approximately 16 km in diameter, a terraced zone and a buried central uplift (top).
The present-day Haughton impact structure (bottom) bears the signs of erosion and
sedimentary infilling over the past 23 Ma. The crater rim has been eroded away,
along with much of the ejecta deposits, exposing other concentric normal faults
visible in the newly formed Haughton crater. (Modified after Osinski and Grieve
2013).
At Keurusselkä in Finland, the lack of stratigraphic impact deposits suggests an important
erosion, and the present-day surface possibly represents a section located between the
crater floor and the transient crater floor (Raiskila et al. 2013) (Fig. 1.10). Based on
physical scaling laws (Melosh 1989) and a diameter DCU = 6 km for the approximate
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coverage area of shatter cones (SC) observed at the surface (assuming SC are located within
the central uplift), these authors calculated that the rim diameter of the structure would be
comprised between 19.4 km (DCU = 0.31D; Therriault et al. 1997) and 27.3 km (DCU =
0.22D; Pike 1985). Similarly, they found a central structural uplift (SU) between 1.8-2.6
km (hCU = 0.086D1.03; Cintala and Grieve 1998) and a diameter for the transient cavity DTC
from 12.8 to 24.7 km (DTC = DQ0.15±0.04 D0.85±0.04 with DQ = 4 km the transition diameter
from simple to complex structure, Croft 1985; Raiskila et al. 2013).
However, these calculations rely on the first estimation of the rim diameter D, which itself
strongly relies on the estimation of the diameter of the zone with SC, DCU. Notably, the
diameter of the zone with shatter cones is the same as the diameter of the central uplift,
because shatter cones are believed to form only within the CU (Osinski and Ferrière 2016).
However in the example of Keurusselkä, no topographic CU is observable because of the
important erosion, so localization of the CU relies only on the observation of SC (and
assumption cited above), which can be biased for several reasons: SC can be missed
because of a lack of observation in the field, they can be confused with other features
(ambiguous shatter cones), can be altered or carried away, leading to a “false distribution”
and thus lead to an erroneous estimate of DCU. Other possibilities include uneven erosion
and tectonic movements biasing the distribution. All these variables would likely result in
an underestimated DCU, especially in particularly old impact structures which have been
submitted to erosion for a very long time. For these reasons, the estimated D resulting from
these formula should in fact be considered as a Da, especially in the case of an important
erosion state. Additionally, these parameters have to be updated each time a new formula
is introduced: using a new formula DSC = 0.4 Da, Osinski and Ferrière (2016) gave a new
estimate of Da = 36 km for the Keurusselkä structure.
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Figure 1.10. Cross-section of a typical mid-size complex impact crater with central
uplift. Unevenly eroded surface suggested for Keurusselkä is marked with dashed
line based on field observation and geophysical modeling. (In Raiskila et al. 2013;
modified after Melosh 1989 and Abels 2003).
In the case of eroded structures, if morphological and geological observations cannot
constrain the characterization of the final crater diameter, one can use geophysics. Indeed,
these non-destructive methods (see §1.4) are largely able to unveil typical impact features
such as for example brecciation, fracturation, faults, beddings, uplifts, mineralization, and
fluid circulations. The best example corresponds to the Chicxulub impact structure where
only a concentric lineation of surface cenotes and sinkholes in the inland post-impact
carbonaceous platform could led scientists to think about a crater (volcanic or not;
Connors et al. 1996). They finally concluded about the presence of an impact structure by
considering some drill holes and potential-field data (for a review see Gulick et al. 2013).
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1.4 Geophysical methods for identifying impact signature
and processes
The present thesis focuses on gravity and magnetic methods measured on the ground at
real impact crater sites, because these potential field techniques are the most widely used
so far to discover (e.g., Chicxulub, Appendix A2) and characterize (e.g., Tunnunik and
Haughton, Chap. 2 and Chap. 3, respectively) impact structures. However, it will be seen
that other techniques are of importance such as seismics or resistivity, and that often the
best interpretations are achieved when a combination of methods is used (e.g., Chap. 3). In
fact, geophysical surveys, often conducted for resource exploration in the first place, have
led to the discovery of several important impact structures such as Chicxulub. On Earth,
these structures are often eroded, buried or hidden below sediments, and/or altered by postimpact processes such as alteration. Importantly, the Earth is a geologically active planet,
so plate tectonics, volcanism and sedimentation have been constantly erasing impact
craters from the terrestrial impact record over time. For these reasons, geophysics offers
crucial tools to reveal subsurface impact structures, by remotely sensing changes in
physical properties in the target rocks such as density, magnetism, seismic velocities,
electric and dielectric properties (Morgan and Rebolledo-Vieyra 2013).
Pioneering works on the geophysics of impact craters and structures have been synthesized
by Pilkington and Grieve (1992), Pesonen and Henkel (1992), Grieve and Pilkington
(1996) and Grieve (2006). A more recent and general review is given in Morgan and
Rebolledo-Vieyra (2013).

1.4.1

Principles of geophysical anomalies

A geophysical anomaly (e.g., gravity, Δg) is a geophysical signal which significantly
departs from a standard or average value so that a positive or negative anomaly locally
stands out from the background values (Fig. 1.11).
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Figure 1.11. Example of a negative geophysical anomaly (e.g., gravity). A) Schematic
plan view of a gravity survey. B) Profile C-D. The anomaly is considered negative if
the background (or reference) level (defined by the horizontal line in B) represents
0, so that signal below it is negative (Modified after Pilkington and Grieve 1992).
Geophysical anomalies are what exploration geophysics usually seeks, because their
interpretation (depending on the type of geophysical method used and on the characteristics
of the anomaly, such as sign, amplitude and wavelength) can led to a better understanding
of the underground. Such techniques are largely used in the oil and mining industry, but
also in fields such as archeology or construction works (e.g., detection of cavities). In order
to obtain such anomalies from geophysical measurements in the field (Chap. 2 and Chap.
3), some corrections (or reductions) have to be applied to remove external effects (e.g.,
magnetic field generated from the Earth’s core or gravity effect from tides), leading to a
signal from the crust which corresponds to the rocks targeted in the study. For example,
the Bouguer effect (𝛿𝑔𝐵 = 2𝜋𝜌𝐺ℎ) is positive and therefore has to be removed from the
measured signal (i.e., the Bouguer correction is negative, see §2.2.1 for details about
gravimetry reductions).
What are the typical geophysical anomalies associated with complex impact craters, and
what can they tell us about their deep structures and impact processes?

1.4.2

Gravimetry

Field gravimeters are portable instruments used to measure small changes in the Earth’s
gravity field, which can be produced by differences in density of the underlying rock
formations. The instrument is based on an astatic spring system, which uses a zero-length
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main spring supporting a mass M in a local gravity field g. This system allows to detect
variations down to 10-8 m s-2 relative to the gravity acceleration which is about 9.8 m s-2
on the Earth's surface (latitude-dependent). Despite the very high precision of the
instrument, the errors in gravity surveys can quickly become significant since the final
variation in measured gravity data within an impact structure can be of only a few mGals
(1 mGal = 10-5 m s-2) (Chap. 2). Several sources of errors are common. Perhaps, the most
important source for errors is station elevation which can produce a total effect of ~0.2
mGal m-1 (Telford et al. 1990). Also, wind induced vibration and microseismicity can
induce errors from 0.01 to 0.1 mGal. For this reason, a very precise technology has to be
used to measure elevations, such as a differential GPS system (dGPS). Thus, the success
of the gravity method also depends on the limitations of the GPS system. In the present
case, the system was limited by topography and distances, as the GPS signal could be lost
over hills and over 5 km distance between the base and mobile dGPS stations. Before being
interpreted, the measurement of the gravity gm has to be corrected from various effects
unlinked to geology: latitude, tides, altitude, local topography and surrounding rock
masses. We can sum up these corrections by: Δg = gm - g0cor, with Δg noting the gravity
anomaly, gm the measured gravity, and g0cor the mean Earth's surface gravity values
corrected by all of these effects. For instance, the effect of the mean altitude from the
Earth's ellipsoid is expressed by: g0free air = g0 - 0.3086 h, with g0free air, the so-called free air
gravity anomaly, and h, the altitude of the point of measurement relative to the used
ellipsoid (usually the geoid) (Fig. 1.12). After all reductions have been done, we can
calculate the Bouguer gravity anomaly to see how changes in crustal densities in the studied
region affects the gravity field. For example, and relevant to this work, the reduction of
density (increase in fracturing and porosity due to impact) will lead to negative Bouguer
gravity anomalies (Figs. 1.11, 1.26, 2.3). More details about these reductions are shown in
§3.3.
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Figure 1.12. Successive steps of gravity anomaly calculations. From top left to
bottom right: measured gravity gm, theoretical gravity g0 subtracted to measured
gravity gm (gm – g0), corresponding free-air (FA) and Bouguer (BA) gravity
anomalies. (Modified, in Dubois et al. 2011; after Blakely 1996).
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Typically, simple and complex impact craters are characterized by negative Bouguer
gravity anomalies relative to a background value (Fig. 1.11). For fresh craters, these
anomalies increase in size (wavelength) and amplitude (i.e., the maximum negative gravity
value, Fig. 1.11b) with increasing crater diameter (Fig. 1.13) (Pilkington and Grieve 1992).
However, it will be seen later (Chap. 2 and Chap. 3) that several factors can influence these
parameters so that this rule is not always observed in reality when comparing non-fresh
(i.e., relatively old and/or eroded) impact structures (e.g., Manicouagan, Fig. 1.13).
Negative gravity anomalies usually reflect reduced rock densities due to impact-induced
fracturing, or the presence of impact-generated rocks with lower densities (e.g., impact
breccias or melt rocks) relative to the pre-existing target rocks. Negative gravity anomalies
may also arise from lower-density uplifted formations, by basin infill of lower-density postimpact sediments or water bodies (Morgan and Rebolledo-Vieyra 2013).
However, gravity highs can be observed in the case of large impact basins (D > 30 km)
such as those on the Moon, where a central positive Bouguer gravity anomaly is observed
(Fig. 1.14b). These positive anomalies are due to crustal thickening linked to the impact
process, leading to an uplift of the denser Moon’s mantle, which sometimes even reaches
the surface in very large impact basins (Zuber et al. 2013). In this case, the positive
Bouguer gravity anomaly (BA) is correlated to a positive free-air (FA) gravity anomaly
(Fig. 1.14a). If both anomalies are not correlated (e.g., negative FA anomalies by 60°
latitude on the Moon’s farside, Fig. 1.14a) and the Bouguer anomaly is still positive, then
it means that no topography is present while crustal thickening has effectively happened,
so that the mantle is present in the subsurface without creating a visible topography in the
impact basin (Fig. 1.14).
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Figure 1.13. Residual Bouguer gravity profiles over impact craters scaled to crater
diameter and maximum gravity anomaly value. Arrows indicate crater rim. Only
Wolf Creek is a simple crater, others are of the complex type. The Lappajärvi
profile does not cross the 3 mGal central high of this structure. (Pilkington and
Grieve 1992).
This high-resolution gravity data obtained by GRAIL therefore resolves important
topographic features of impact craters, such as central uplifts (positive gravity anomalies
or local gravity highs visible in FA and/or BA), peak-rings (positive FA gravity anomalies
and/or BA), ring synclines (negative or near-zero FA and BA) and crater rims (positive FA
and BA) (Fig. 1.14) (Zuber et al. 2013).
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Figure 1.14. Free-air and Bouguer gravity anomaly maps of the Moon from the
GRAIL lunar gravity model GL0420A. A) free-air (FA) gravity anomaly map.
B) Bouguer gravity anomaly (BA) map. Maps are in Molleweide projection centered
on 270°E longitude and show the nearside on the right and farside on the left.
(Zuber et al. 2013).
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These anomalies are of course dependent on density contrasts, so depending on crater size
the important contrasts for detecting craters or observing their underlying structure are
found between different planetary layers (e.g., contrast crust/mantle) and/or rock
formations (basement/impactites). It is therefore obvious that the interpretation of these
anomalies is planet-dependent.
On Earth, the mantle is also denser than the crust, so that anomalies such as those observed
on the Moon could theoretically be interpreted similarly for a same crater size. However,
deep crustal rocks such as granitic and gneissic rocks also generally have higher densities
than subsurface crustal rocks (especially sedimentary), so that a central uplift formed from
such rocks would also result in a central gravity high which partly cancels the negative
long wavelength gravity anomaly (e.g., Manicouagan, Fig. 1.13). This is often the case in
mid-size (5 < D < 30 km) complex impact craters, which are generally not large enough to
provoke an uplift of the mantle (e.g., Tunnunik, see Chap. 3).
Despite its 40 km-diameter, the Araguainha impact structure in Brazil has been reported in
the literature to have a central gravity low, indicating that the uplifted granitic core is in
fact strongly fractured (see §1.4.4) (Tong et al. 2010). However, it appears that no gravity
measurements were performed at the exact center of the structure nor to the east side of the
central uplift, so no Bouguer gravity map for the whole structure is available in this case.
It seems difficult, then, to compare the signal of the central uplift to the signal of the ring
syncline and rim regions. Thus, it is not possible to say that the center of the structure is
characterized by a gravity low, contrary to what is stated in the review of Morgan and
Rebolledo-Vieyra (2013). This is a typical example of a crater where only one profile was
performed and using only one type of geophysical method. In addition, measurements did
not cover the whole diameter of the crater, therefore, possibly leading to misinterpretation.

1.4.3

Magnetic field mapping

The magnetic field can be mapped either from aeroplanes (airborne surveys) or on the
ground using magnetometers. They can be scalar (measurement of the total intensity of the
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ambient magnetic field) or vector (measurement of the intensity of the magnetic field
vector in three orthogonal directions). In the current study, only total-field magnetometers
were used, but with two different systems: the proton precession magnetometer, which was
used as a base station, and a vapor cesium optical pumping magnetometer as a mobile
station.
In proton precession magnetometers, a low-freezing-point hydrocarbon fluid is contained
in a bottle which has a copper coil rolled up around it, forming the sensing element of the
probe. The moments of hydrogen nucleus (protons) contained in the fluid align to a
generated magnetic field. Once the current stops, the protons precess, emitting a quantity
of electromagnetic waves which permit the measurement of the Earth’s magnetic field with
a 0.1 nT accuracy. Limitations of this technology are that it can only give a measurement
of the total field, it has to be orientated so that the polarising field is at high angle from the
measured field, and it can be influenced by nearby conductors or strong field gradients. For
this reason, it is good to use it as a base station (to monitor daily variations) that can be
placed far away from camps and other potentially disturbing objects. A good aspect is that
the measurement is drift-free (Telford et al. 1990).
In the vapour probe, the sensitivity is higher because the precession signal is increased by
several orders of magnitude, therefore also improving the signal/noise ratio. In fact, this is
made possible using the Overhauser effect, in which a very high frequency radio wave acts
on paramagnetic material which is added to bottle fluid. It can also be done using electron
magnetic moments instead of proton moments. The advantages of the alkali vapour probe
are its higher sensitivity and a faster rate of data acquisition (typically every tenth of
second). However, its limitations are a high cost and the fact that the probe is directionsensitive: readings are not obtained if the sensor is orientated at right angles to the magnetic
field or within a few degrees of its direction (Milsom and Eriksen 2011).
Whatever the techniques for measuring the magnetic field intensity, the method relies on
the detection of a magnetic field anomaly ΔB, i.e., a difference between the measurement
Bobs and the mean level BRegional of the ambient magnetic field: ΔB = Bobs - BRegional. The
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BRegional value can be measured by a fixed base station in the proximity of the surveyed
area, or can be estimated by using predictions from models and/or measurements done in
a nearby Magnetic Observatory. It consists in the regional contribution of the core field
(internal field), external and crustal fields. The difference ΔB can be vector or scalar, but
since vector magnetometers are unstable on prospection platforms such as ships,
aeroplanes and satellites, total-field measurements are more common. After these
reductions, the anomalies should reflect local variations in the magnetization of buried rock
formations, and therefore should reveal important geological information.
The magnetic signatures of impact structures are generally more complex than their
gravimetric signatures, because the sources of magnetic field anomalies are more diverse
(e.g., several possibilities of magnetic mineralogy). Indeed crustal rocks may carry an
induced magnetization (dependent on the magnetic susceptibility of those rocks - i.e., its
iron oxide content and the associated grain size - and on the ambient regional field) plus a
natural remanent magnetization (NRM), which generally reflects its geological history.
Both type of magnetization may influence the final total magnetization vector of a single
formation, and then all different formations will lead to a general magnetization vector that
will produce the observed magnetic field anomaly. The latter will also be influenced by the
geometry of these geological formations in the studied area. As shown in the first Chapter,
one can easily understand that magnetic field anomalies of impact structures will not be
unique.
In short, impact structures of D < 40 km can be characterized by negative magnetic field
anomalies (e.g., Clearwater Lakes, see §4.1.1.1), but structures of D > 10 km might also be
characterized by short wavelength positive or negative anomalies, and structures with a D
> 40 km are generally characterized by long wavelength positive or negative anomalies
(Morgan and Rebolledo-Vieyra 2013). For more general details on magnetic field
anomalies, see §2.1.1 or the review by Pilkington and Grieve (1992). To illustrate how
complex the magnetic signature of impact structures can be, one can study the case of
Keurusselkä in Finland, a possibly ~36 km diameter, highly eroded complex impact
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structure (Pesonen et al. 2005) with a minimum impact age of ~1150 Ma (Schmieder et al.
2016).
According to Raiskila et al. (2013), Keurusselkä is characterized by a high-amplitude (up
to 500 nT) short-wavelength positive circular magnetic field anomaly about 6 km wide
(cross-cut by profile BB’ on Fig. 1.15b). This anomaly coincides only partly with the
associated negative Bouguer anomaly (Fig. 1.15a). However, the authors indicate that this
magnetic anomaly does not extend as far to the East (where the negative Bouguer gravity
anomaly is located), and that other (smaller and also positive) circular anomalies further
away around the central magnetic anomaly “are likely of regional origin or too complex to
link to the impact structure” (Raiskila et al. 2013).

Figure 1.15. Regional Bouguer gravity and aeromagnetic maps of the Keurusselkä
impact structure. A) Local Bouguer gravity in mGal, data from FGI. B)
Aeromagnetic map in nT, data from GTK. Shatter cones are marked as black stars.
Dotted circle is the area of damaged bedrock. Solid circle is a proposed inner ring
formation diameter. (Raiskila et al. 2013).
In the model of the source bodies, the global magnetic signal of the impact area is interfered
by a gabbro intrusion. Locally, a tonalitic intrusion is also responsible for a magnetic high.
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Both intrusions are magnetized at ~200 mA m-1. The main magnetic field anomaly source
is modeled as pre-impact felsic metavolcanic rocks remagnetized at ~700 mA m-1.
Interestingly, the calculated magnetic signal matched the observed signal by shaping the
height of the upper surface of the felsic source body with the topography. This could
indicate that the topography resulting from important erosion has played a very important
role in shaping the magnetic source bodies resulting in the observed magnetic field
anomalies. In fact, it will be seen in the present work that erosion is one of the main postimpact geological process that must be quantified when looking at deeply eroded impact
structures, because it has a significant influence on geophysical anomalies (e.g., Tunnunik
impact structure, Chap. 2). To our knowledge, the amount of erosion has not been
quantified yet at Keurusselkä. This difficulty adds to the very complex pre-impact geology
of the area, which is in fact more difficult to relate to impact processes when the target is
magmatic such as here, because magmatic rocks are usually more magnetic than
sedimentary rocks.
For example, it can be seen on the airborne magnetic map (Fig. 1.15b) that two different
types of magnetic anomalies seem to be present near the center of Keurusselkä (crossing
profile BB’): 1) high-amplitude (> 400 nT) short-wavelength anomalies a priori circular
in shape, and 2) a lower-amplitude (~ 100 nT) but longer-wavelength anomaly surrounded
by the high-amplitude anomalies. Interestingly, similar anomalies as 1) are observed to the
east of the area with shatter cones, where they seem to form a striking “oval” ring shape
~10 km in diameter (Fig. 1.15b) (Pesonen et al. 2005). Part of this ring seems to be
associated with pre-impact felsic and mafic volcanic rocks visible in geological maps
(Raiskila et al. 2013). Furthermore, the shape of these high-amplitude short-wavelength
anomalies is elongated, possibly indicating geological lineaments such as pre-impact dykes
as a source. For comparison, large positive magnetic field anomalies are found inside the
Ries impact structure in Germany, but some have been linked to basic and ultrabasic
basement rocks unrelated to the impact event (Pohl et al. 1977; Pilkington and Grieve
1992).
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The example of Keurusselkä shows how complex it can be to associate magnetic field
anomalies to the impact process. In this case, the interpretations made using low-resolution
airborne data could be challenged by acquiring higher-resolution magnetic field data on
the ground, therefore allowing more precise correlations between geological formations
and geophysical anomalies. Additionally, the source models could be constrained by two
drillings into the two possible different types of anomalies.

1.4.4

Electrical resistivity method

Contrary to the magnetics and gravity methods seen previously, the electrical resistivity
method is an active method in which a DC electric current (I) is injected into the ground,
resulting in measurement of the apparent resistivity ρa (in Ω.m) using pairs of electrodes.
The method uses a pair of injection-reception electrodes for feeding the current to the
ground and a second pair of non-polarizable electrodes to measure the voltage difference
(ΔV) in the ground (Fig. 1.16). The apparent resistivity ρa is deducted using the formula:
∆𝑉
ρa = 2πK ( )
𝐼
Where K is the geometric factor depending on the positions of electrodes in the ground and
of the type of array used. Several different types of arrays can be used in resistivity surveys
depending on the aim of the study (e.g., depth, resolution and extent of the studied area),
such as the Wenner configuration (Fig. 1.16), Schlumberger, gradient, or pole-dipole
arrays, for example. Once an array type has been chosen, lateral changes in ground
resistivity can be mapped using the electrical resistivity imaging (ERI) technique. In ERI,
arrays of electrodes are used to generate 2D resistivity-depth cross-sections, called pseudosections (Telford et al. 1990). These pseudo-sections are the basis for geological
interpretation because they can show contrasts of apparent resistivity as a function of depth.
This paragraph will focus on electrical resistivity imaging (ERI, also referred to as
electrical resistivity tomography in Europe; Milsom and Eriksen 2011). ERI is a widely
used geophysical method in the geosciences and it has proven effective in several cases.
For example, it was used to estimate the extent, depth and thicknesses of volcanic
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pyroclastic formations (e.g., Leyrit et al. 2016), rocks that are by many aspects similar to
impact breccias and melt rocks. However, only one publication reports the application of
ERI to a complex impact structure (see case-study of Araguainha below).

Figure 1.16. Principle of the ERI method. Different ERI profiles or lines (1 to 4, top)
are combined to form one ERI pseudo-section (bottom). Larger spacing (e.g., 3a)
allows deeper measurement points (e.g., n = 3).
(Modified after © Geotomo).
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Impact cratering can have significant effects on the electrical properties of target rocks,
because fracturing and brecciation increasing the porosity of rocks can help water infiltrate,
therefore increasing the conductivity. In fact, a change in conductivity about one order of
magnitude can be caused by < 1 % change in water content (Pilkington and Grieve 1992).
According to the review of Pilkington and Grieve (1992), resistivity (not in its ERI form)
has been used at the Ries (Germany; Ernston 1974), Ragozinka (Russia; Vishevsky and
Lagutenko 1986), Kaalijarvi (Estonia; Aaloe et al. 1976), Zhamanshin (Kazakhstan;
Florenskii et al. 1979) and West Hawk (Canada; Clark 1980) impact structures. It has
helped to reveal the structure of the true crater floor, determined the boundary between
lake sediments and impact breccias, illustrated the change in electrical properties as a
function of fracturing level, and detected the base of allochthonous deposits (Pilkington
and Grieve 1992). In the case of small impact craters, ERI has been used recently to
estimate ejecta thickness at Kaali crater in Estonia (Wilk et al. 2016).
An interesting and recent use of ERI in a complex structure has been done at Araguainha,
in Brazil (Tong et al. 2010). ERI profiles were conducted at the boundary between the
granite and sedimentary units in the central uplift of the structure, in order to reveal their
configuration at depth. In fact, imaging the complicated internal structure of central uplifts
can help constrain the existing models, for example concerning the extent of melt resurge
toward the crater center after gravity collapse of the central peak (Tong et al. 2010). The
most striking ERI section shown in Tong et al. (2010) shows the complexity of these
boundaries between the porous granitic core of the central uplift and contact with polymict
impact breccias overlying sediments. A low-resistivity zone (LRZ) dips toward the granitic
core of the central uplift. Notably, adjacent high-resistivity blocks (HRB) show a similar
dipping geometry (Fig. 1.17). According to the authors, this particular dipping geometry
reflects the topography of the crater floor in which impact melt rocks and breccias
accumulated after collapse of the central peak during crater formation. This resurge of
impact melt rocks and breccias toward the crater center during the last stages of crater
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formation was possibly influenced by the geometry of the lithologic boundaries in the
central uplift (Tong et al. 2010).
Obviously, this far-reaching interpretation should be considered as hypothetical without
more evidences to verify the data – such as geological drilling – but seems convincing
when correlated to gravity data which has indicated a very porous granitic formation in the
central uplift of the Araguainha structure. For example, it seems contradictory that a body
of impact breccia containing several high-resistivity decametric impact melt blocks has an
overall low-resistivity. The observed LRZ could in reality be a fracture (or fault) zone and
the HRB an overturned sedimentary block similar in nature to the XHR zones (Fig. 1.17).
A difference could be made between sedimentary vs melt by using high-resolution
magnetic field mapping on the ground.
It will be shown later in this thesis that a low-resistivity anomaly (LRA) can locally be
associated with unconsolidated surficial magnetic formations at Haughton. As it has been
shown previously, ERI is capable of imaging deep into impact structures and is sensitive
enough to detect lithological contrasts between formations as well as structures such as
faults. More work should be conducted with ERI at existing impact structures where more
classical methods such as magnetics and gravity have reached their limits.
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Figure 1.17. ERI apparent-resistivity model at the core-breccias boundary of the
Araguainha structure, and corresponding geological interpretation. Top: ERI
model. LRZ = low-resistivity zone; HRB = high-resistivity block; XHR =
anomalously high-resistivity region; dashed white line represents significant
fractures between XHRs. Grey arrow represents granite observed on surface, while
orange arrow represents polymict breccias. Bottom: Schematic diagram (not to
scale) showing centripetal deposition of impact melt rocks and breccias in central
uplift. (Tong et al. 2010).

1.4.5

Seismic methods

Another very important group of geophysical techniques for the study of impact craters
and structures are seismic methods. Even though they have not been used in this work,
their importance in geophysical studies of impact structures means that it is relevant to
mention them. More generally speaking, seismic methods are the most effective but the
most expensive of all geophysical techniques used to characterize layered media. They are
based on the measurement of seismic waves (equivalent to sound waves) propagating by
vibration of rock particles in the ground (Milsom and Eriksen 2011). As the interface
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between two rock types is met by the propagating seismic wave, a part of the energy is
directly reflected toward the surface while another part continues propagating at a different
angle (the wave is refracted, Fig. 1.18). This forms the basis of the seismic methods, which
are governed by Snell’s Law:
sin 𝑖
sin 𝑟

=

𝑉1
𝑉2

(1)

Where i is the incidence angle, r the angle of refraction, V1 and V2 the wave speeds in the
two different rock layers.

Figure 1.18. Principle of seismic reflection and refraction. a) Reflection. b)
Refraction. S1 and S2 are the wave’s sources. Simple refraction occurs at point A
while “critical” refraction occurs at point B. i is the angle of incidence and ic the
angle of critical incidence. V1 and V2 the wave’s speeds in the two different
geological layers. (Milsom and Eriksen 2011).
Seismic refraction is based on the measurement of the velocity of (usually) P-waves. If the
condition sin i = V1/V2 is met, then the refracted ray is parallel to the interface and will
eventually return to the surface as a “head wave” (Fig. 1.18b), which forms the basis of the
refraction method (Milsom and Eriksen 2011). Seismic refraction is an active method
which uses explosives, weight drops or mobile (truck) vibrators as a source (Milsom and
Eriksen 2011). It gives medium to high resolution data and allows detection of impact
breccias and melt rocks, fractured rocks or basin infilling characterized by a low velocity

73

signature with respect to non-impact target rocks (Morgan and Rebolledo-Vieyra 2013). In
the case of impact craters, this low-velocity signal is caused by reduced propagation due to
shock-induced fracturing. Changes in seismic velocity due to brecciation and fracturing are
much larger than the corresponding changes in density: they can be up to 50 % for
velocities at Barringer crater (Arizona, US) while the corresponding change in density is
only 5 % (Pilkington and Grieve 1992). However, a high-velocity signature can also be
detected in the cases of central uplifts, such as for example at Vredefort (Green and Chetty
1990), or impact melt rocks (see Morgan and Rebolledo-Vieyra 2013, for a review on
seismic methods applied to impact structures).
Seismic reflection is based on acoustic impedance (velocity × density), and gives high
resolution maps of the subsurface structure (Morgan and Rebolledo-Vieyra 2013). It has
been used successfully to precisely locate the peak-ring of the Chicxulub multi-ring basin
and subsequently plan the drill site of IODP expedition 364 (Morgan et al. 2011) (Fig.
1.19).

Figure 1.19. Seismic reflection profile and velocity model across the peak-ring and
annular trough of the Chicxulub multi-ring basin. This data was used to precisely
locate the drill hole M0077A which served as a basis for the IODP364 scientific
expedition (see Appendix A2). (Morgan et al. 2011; in Gulick et al. 2017).
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Another interesting case-study is given at Waqf as Suwwan crater, in the Eastern Desert of
Jordan (Heinrichs et al. 2014). The stratigraphy observed in reflection seismic data
indicated that the sedimentary basement is well layered up to 1 km deep below the crater.
Outside of it, the seismic sections helped determining the regional structure: dips of
reflectors allow visualization of apparent dips in the target rocks, data which is correlated
to observations made by geological mapping. Steep normal faults associated with faulting
are also detected in the target stratigraphy. More generally, the seismic reflection data has
confirmed the regional setting of the impact lying on a gently-dipping monocline (Fig.
1.20) (Heinrichs et al. 2014).
Concerning the structure of the impact crater itself, seismic reflection data show an
important transparent domain, as well as mainly incoherent reflections associated to
spurious diffractions just below the crater (Fig. 1.20) (Heinrichs et al. 2014). This chaotic
seismic signature is apparently common to several impact craters (Grieve and Pesonen
1992), and happens because shock deformation and crater collapse result is formation of
irregularities and domains below standard seismic resolution (Heinrichs et al. 2014).
Despite this, seismic data indicated the presence of open synclines on both sides of an
anticline. The synclines are interpreted as centripetal flow during the modification stage of
crater formation, while the anticline is interpreted as a radial transpressive ridge. Surface
geology correlated to reflection seismics show that the boundaries of the final crater are
normal faults, giving a final crater diameter of about 7 km (Fig. 1.20) (Heinrichs et al.
2014).
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Figure 1.20. Geological cross-section and associated reflection seismic profile of the
Waqf as Suwwan crater, Jordan. (Heinrichs et al. 2014).

1.4.6
1.4.6.1

Other methods
Electromagnetic methods

Electromagnetic (EM) methods are based on EM induction, because a small conductive
mass in a poorly conductive environment has a greater effect on induction than on DC
resistivity, notably. For this reason, EM methods focus on measuring conductivity rather
than resistivity. In the present study, an EM34 system composed of two circular currentcarrying wires was used. The transmitter coil (Tx) generates a magnetic field which induces
eddy currents in a conductor (or source) at depth, creating a secondary magnetic field. This
secondary field is detected by the receptor coil (Rx) (Fig. 1.21b), but there are
configurations where no anomaly is detected (Fig. 1.21a and c) (Milsom and Eriksen 2011).
No studies could be found that had applied EM methods to the real case of a confirmed
complex impact structure. However, relatively recently, time-domain electromagnetic
(TDEM) and frequency-domain electromagnetic (FDEM) have been combined along with
DC measurements to produce 2D resistivity models across the deposits of the
Rochechouart-Chassenon impact structure in France, suggesting that the thickness of the
breccia deposits is larger than previously estimated (Bobée et al. 2010). In the present
thesis, we also provide the first use of EM34 applied to a proven complex impact structure
(Tunnunik), and use it as a mapping tool to estimate the thickness of surficial deposits
overlying the central uplift of Tunnunik (Chap. 2).
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For the physical reason given above, EM could be useful when combined to other
geophysical methods such as for example ERI. For instance, in the case of the Araguainha
structure (Brazil) given in the previous section, it could help detect highly conductive
blocks inferred within the impact breccia deposits. At the Ries structure in Germany, the
location of impact blocks, the extent of suevite formations, as well as the conductive melt
bodies could possibly be mapped using electromagnetic soundings, especially for distal
deposits where only a small thickness of lake sediments is overlying the impact deposits
(Pohl et al. 1977). At the Lake Bosumtwi impact crater, asymmetrical and offset magnetic
anomalies are perhaps unrelated to the impact event (Ugalde et al. 2007). EM studies
around the structure could perhaps help to associate a certain electrical signature to the preimpact intrusions, but it will be difficult to carry out meaningful EM measurements above
the lake for technical reasons, and because of a limiting depth of investigation, this
technique might not be adapted for this case.
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Figure 1.21. Example of electromagnetic anomaly generated by a vertical thin
source (e.g., conductive vein) measured by a vertical dipole EM (Slingram) survey.
(Milsom and Eriksen 2011).
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1.4.6.2

Ground-penetrating radar

Ground-penetrating radar (GPR) uses electromagnetic waves sent into the ground with
frequencies comprised between 10 MHz and 4 GHz to detect differences in dielectric
properties (Milsom and Eriksen 2011). EM waves are sent into the ground via an antenna,
where they propagate until they reach a contrast in the dielectric properties of the ground:
the dielectric permittivity ε (F m-1) and the electric conductivity σ (mS m-1). In GPR, the
anomalies are thus caused by changes in dielectricity (permittivity). The electrical
conductivity has, however, a role in controlling the depth capacity (so called ‘skin depth’)
of the GPR method since conductivity is frequency dependent. This allows the user to
image these contrasts into the ground up to a few tens of meters. The GPR method has
proven very useful to characterize in details the uppermost structures present in classic
sedimentary or volcanic geological formations, such as identifying boulders and other
sedimentary flow structures such as volcanic dunes and impact sags (Leyrit et al. 2016),
and could therefore be applied to identify such deposits within impact craters or structures.
For instance, the floor of the Kamil crater (Egypt; D ≈ 0.045 km) was located at 16 m depth
using GPR (Urbini et al. 2012). A good application of GPR measurements in space studies
is the Shallow Radar (SHARAD) survey on the Mars Reconnaissance Orbiter, which has
been used to image the internal stratigraphy of the layered ice deposits on the North Pole
of Mars (Philips et al. 2008) or the interior of crater pedestals (Cahn Nunes et al. 2011).

1.4.6.3

Magnetotellurics

Magnetotellurics (MT) can be used to characterize the deeper electrical signal associated
with impact structures. Interestingly, deep sources have been observed up to 1.5 km deep
in the crust. Just like EM, MT measures the conductivity. A review can be found in
(Pilkington and Grieve 1992).
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1.4.6.4

Paleomagnetism

The basis of geomagnetism and paleomagnetism, and the types of magnetizations are not
described here, but can be found in the book of Butler (1992). Instead, emphasis is placed
on the notion of secular variation which will be of importance in this work, on applications
of paleomagnetism to impact structures, and on practical aspects of paleomagnetism such
as measurements and data interpretation.

1.4.6.4.1

Secular variation

The study of the natural remanent magnetization (NRM) of crustal rocks constitute the
discipline of paleomagnetism. The fundamental hypothesis of paleomagnetism is based on
the notion of secular variation, and called the geocentric axial dipole (GAD) hypothesis:
“it can be supposed that the average direction of the NRM measured in a sufficient number
of samples, which were formed over a sufficiently long time, tend to average the secular
variation and give the direction of the geocentric axial dipole at the location of sampling”
(Dubois et al. 2011), or in other words, the time-averaged geomagnetic field (TAF) is a
geocentric axial dipolar field (Butler 1992). So, what is secular variation?
Simply, it appears that the magnitude and direction of the geomagnetic field change with
time. In fact, changes with periods between 105 years and 1 year constitute geomagnetic
secular variation (‘SV’) (Butler 1992). The external (mainly sun-generated SV) is not
discussed here. This has been observed historically in magnetic observatories of the world
since about 1,600 A.D., with similar patterns of SV over subcontinental regions, e.g., Paris
and London observed similar SV-paths. However, observatories in different continents
reveal different SV-paths. Older SV-data has been obtained by paleomagnetic
measurements on archeological remains (archeomagnetism), lake sediments and lava piles.
Although, SV is not fully cyclic and it appears that the SV path over about 2,000 years,
when globally averaged, represents an average of the geomagnetic pole corresponding to
the Earth’s rotation axis (Fig. 1.22). This means that the time-averaged geomagnetic field
corresponds to the GAD (GAD hypothesis). We note here that the dipole hypothesis seems
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to be valid for the geological past although minor (≤ 6 %) contributions by the multipole
field may be present (Pesonen, Pers. Comm.).

Figure 1.22. Secular variation of the dipole field over the past 2,000 years. Each data
point is the average geomagnetic pole at 100-yr intervals. Numbers are years A.D.;
95% confidence envelopes are represented by circles about geomagnetic poles at
1,700, 1,300 and 900 years A.D. and for the mean geomagnetic pole position
represented by a black square. (Data compiled by Merril and McElhinny 1983; in
Butler 1992).
However, the “sufficiently long time” and “sufficient number” specified in the GAD
hypothesis are not fixed in an absolute way. Instead, it defines the sampling strategy of
paleomagnetic studies: if one wants to establish the mean paleomagnetic direction of the
magnetic field in a certain location, the targeted formation has to be sampled at different
geographical sites within a same region, so that about 0.1 to 1 Ma of geological time are
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virtually sampled, allowing the secular variation to be averaged in the set of samples
studied.

1.4.6.4.2

Paleomagnetism and impact structures

Paleomagnetism have been widely applied to impact structures and has led to important
findings. For example, the Lappajärvi impact structure in Finland has been dated through
various methods including paleomagnetism and the difference between paleomagnetic and
isotope
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Ar-39Ar ages was interpreted as a post-impact tilting of the melt layer by 15°

(Pesonen et al. 1992). A similar approach is used in the present thesis to constrain the ages
of the West and East Clearwater Lake impact structures in Québec (Chap. 4). Other
possible applications of paleomagnetic data of impact structures include an investigation
whether energy from impact could influence the geodynamo in the core (Hervé et al. 2015).
The latter study, however, found no such evidence at the ~28 km diameter Mistastin Lake
impact structure in Canada but indicates that such effect should be investigated at larger
impact structures. Interestingly, a lack of variability in impact melt rock data was found,
implying that either the cooling time of the melt sheet is too quick to average the secular
variation, or that the geomagnetic field was exceptionally stable at the time when the melt
cooled (Hervé et al. 2015).
We will see later on some other possible applications of paleomagnetism to impact
structures (Appendix A1 about the Haughton impact structure, and appendix A2 about
Chicxulub). Our study on the Clearwater Lake impact structures also brings interesting
insights regarding the question of paleomagnetic dating and secular variation (Chap. 4).

1.4.6.4.3

Some practical aspects of the method

In paleomagnetic studies, soft samples are often obtained via U-channels or cubes. In this
work, all paleomagnetic samples where obtained from hard rocks (impact melt rocks and
breccias, indurated sediments) and therefore had to be drilled directly into the rocks in the
field (Haughton and West Clearwater Lake) or from deep drill cores which had been
sampled before (Fig. 1.23a) (East Clearwater Lake and Chicxulub). In this work we used
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classical standard ~2.5 cm (D) × 2.5 cm (h) cylindrical samples (plugs). Because a correct
orientation of the plug is fundamental in paleomagnetic studies, the coordinate systems
have to be carefully established when sampled (e.g., Fig. 1.23a) and when measured in the
laboratory (Fig. 1.23b). Additionally, the laboratory magnetometer used to measure the
remanent magnetization may use a different convention so that the data might have to be
rotated from magnetometer to real core coordinates after measurement (and before
interpretation!), which in the case of our study at Chicxulub, gave the following relation
(Fig. 1.23):
+x (magnetometer) = -z (real core)

(2)

Once measured, paleomagnetic data is visualized using various types of diagrams, such as
orthogonal vector (“Zijderveld”) diagrams. These are used to visualize the 3D directional
information in the 2D environment of the paper sheet. First, let’s visualize one of the 2D
parts of the diagram. Zijderveld diagrams are used to visualize demagnetization data. In
this work, stepwise alternating-field (AF) demagnetization was performed up to 110 mT
and stepwise thermal demagnetization up to 650 °C. These procedures allow the
visualization of the different components of the paleomagnetic vector recorded in the
measured specimen. Often, two or more components can be observed.

Figure 1.23. Real core VS magnetometer system coordinates established for the
paleomagnetic study of IODP364: Chicxulub impact crater (Appendix A2).
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The vector sum of these components is the paleomagnetic vector recorded in the sample,
and goes from the origin of the diagram to the NRM point (not shown in Fig. 1.24). This
natural remanent magnetization (NRM) is the first measurement (step 0) in which no AF
is applied yet (AF = 0). Then, AF is applied in incremental steps up to usually ~100 mT.
At such high field, little or no magnetization will remain. The null magnetization is attained
at the intersection of the two axis (Step 6 on Fig. 1.24). In this example, two components
are visualized: a secondary (or overprint) component, observed from the NRM to step 3,
and a primary (or characteristic remanent magnetization, ChRM) component, observed
from step 3 to 6. The actual values of the two components will be obtained by principal
component analysis of 3D vector data which combines the information of the two visual
projections into a 3D analysis (Kirschvink 1980). One goal of demagnetizations is to
remove the secondary components, which are often not as interesting as the ChRM, at least
in our case.
The “full” Zijderveld diagram corresponds to the two superimposed orthographic
projections: one is the horizontal plane seen previously (Fig. 1.24a), corresponding to the
four geographic directions (North-South and East-West axis); the second is a vertical plane
oriented North-South and materializing the limit between the “up” and “down” parts of the
3D environment (Fig. 1.24b). More complete explanation can be found in Butler (1992).
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Figure 1.24. Example of stepwise alternating-field (AF) demagnetization data
visualized on a horizontal NS-EW plane (A) and a NS-up/down orthographic plane
(B). Each demagnetization step is indicated by its corresponding AF field value, e.g.,
5 mT. Here the resultant is shown only for the 1st measurement step (NRM) for both
projections. In practice it is the resultant which is measured in the laboratory and
the components are obtained by vector subtraction routines. The primary
magnetization corresponds to the original target rock magnetization. Secondary
might be viscous or impact generated magnetization (e.g., TRM, CRM or SRM).
NRM = natural remanent magnetization. ChRM = characteristic remanent
magnetization. N = North, S = South, W = West, E = East.
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1.5 A case study of geophysical signature: Haughton
A good example to illustrate the preceding methods is the case of Haughton (further
developed in Chap. 3). Indeed, the Haughton impact structure, located in Nunavut
(Canada), has been the subject of several gravity and magnetic surveys (Robertson and
Sweeney 1983; Pohl et al. 1988; Glass and Lee 2001; Glass et al. 2002, 2005, 2012;
Quesnel et al. 2013).
Despite this, the geological source of its uncommon geophysical signature is still not fully
understood. Indeed Haughton shows a quite unique and complex signature for mid-size
complex impact structures, composed of a positive magnetic field anomaly combined with
a negative Bouguer gravity anomaly almost exactly at the structure’s geometrical center
(Figs. 1.25 and 1.26). Glass et al. (2012) produced maps with all available datasets updated
thanks to new station measurements. According to these datasets, Haughton is
characterized by a central, positive magnetic field anomaly of ~700 nT.
Interestingly, several other positive magnetic field anomalies can be observed in the
vicinity of the crater’s rim (Fig. 1.25), but contrary to the central anomaly, they don’t seem
to be clearly correlated to any negative Bouguer gravity anomaly (Fig. 1.26). Nearby the
rim, positive gravity highs correlate with positive magnetic field anomalies. They have
been interpreted as being possibly linked to hydrothermal deposits emplaced in the faulted
and fractured zone of the rim (Glass et al. 2012). Hot springs and associated pipe structures
are typically located on the rim of complex impact structures, where fluids can use faults
as a medium to infiltrate or escape (Fig. 1.27) (Osinski and Pierazzo 2013).
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Figure 1.25. Magnetic total field vertical gradient over the Haughton impact
structure. The crater rim is indicated with a dashed line. No scale for the colors is
provided by the author, who indicates that the central positive anomaly reaches
~700 nT. Grid is in meters. (Glass et al. 2012).
The gravity signature inside the rim of Haughton is much simpler and more common than
the magnetic field signal: it is a ~24 km diameter circular low reaching -12 mGal at the
crater’s center (Fig. 1.26) (Pohl et al. 1988).
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Figure 1.26. Negative Bouguer gravity anomaly over the Haughton impact
structure. Legend is in mGal and grid in meters. The dashed circle represents the
approximate crater rim (Glass et al. 2012; after Pohl et al. 1988).
Pohl et al. (1988) modeled the source of Haughton’s central positive magnetic field
anomaly using a conical mass vertically magnetized to ~1.2 A m-1 (Fig. 1.28). Later on,
Glass et al. (2012) performed forward modeling using the Geosoft Oasis montaj software,
fitting both magnetic and gravity signal with a same substructure thanks to reduced
densities at the center and to a “paleo-hydrothermal” zone at the edge of the crater (Fig.
1.29). Unfortunately, no location was provided for the proposed cross-section, which does
not seem to pass through the crater center.
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Figure 1.27. Distribution of hydrothermal deposits within and around a typical
complex impact crater. (Osinski and Pierazzo 2013).
Quesnel et al. (2013) performed a new magnetic field mapping at the center of the impact
structure in order to clearly define the central anomaly. They found a peak at +900 nT as
well as a shallow, 20 m-long, sub-surface gradient anomaly just on top of the main
magnetic anomaly” (Quesnel et al. 2013). Then source modeling with a succession of
uniformly-magnetized prisms was performed. A best-fitting possible solution was found
with large (1 km3) and deep (down to 1 km) prisms with a mean magnetization contrast of
1.5 A m-1 with surroundings, and strongly-magnetized (up to 2-3 A m-1) shallow (< 20 m)
bodies at the top of the main body are expected to explain not only the total field anomaly
but also the local gradient anomaly (Fig. 1.30).
Using some constraints from rock magnetic and density properties of samples coming from
all lithologies within and outside the crater, Quesnel et al. (2013) suggested that only
hydrothermally altered rocks of uplifted crystalline basement were the source of such a
high positive magnetic field anomaly, but this time (unlike the suggestion of Glass et al.
2012) at the center of the impact structure.
However, this hypothesis needed confirmation with more samples, particularly those
coming from the center of the crater and showing such large magnetizations (not found in
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place at the center). Additionally, the exact process involving hydrothermal alteration,
enhancement of magnetization and reduction of density was still unknown. Petrophysical
measurements will be presented in Chap. 3.

Figure 1.28. Simple model of the source of Haughton’s central positive magnetic
field anomaly. (Pohl et al. 1988).
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Figure 1.29. 2D forward modeling of the substructure of Haughton, based on
gravity and magnetic data. Top is a map-view of the different lithologies modeled in
the cross-section (bottom). No location of this profile is provided by the authors.
(Glass et al. 2012).
The next section will then bring new elements in this discussion. Indeed new geophysical
measurements combined with detailed laboratory analyses (magnetic and density
properties, SEM, etc.) on unique samples from the subsurface of the center of the Haughton
structure, were performed. Only such complete multi-disciplinary approach could lead us
to unveil the mysterious sources of these potential-field central anomalies.
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Figure 1.30. 3D-view of forward modeling of the sources possibly responsible for
Haughton’s central positive magnetic field anomaly. The zoom provides a view of
the shallowest prisms, believed to be responsible for an additional near-surface
anomaly superimposed on the main magnetic field anomaly. (Quesnel et al. 2013).

1.6 Conclusion
In this chapter, several examples of geophysical methods applied to impact structures
illustrated how complex and non-unique their signature can be. One key point is that the
best characterization of formations buried within impacts is not given by a single approach,
but by using a combination of different techniques. Indeed, each geophysical method has
its own limits and often rely on only one petrophysical parameter (e.g., magnetization,
electrical resistivity, density). With regards to impact craters in which geology is arguably
more complex than for 'classical' geological structures (e.g., sedimentary basins), a
complete study with varied geophysical characterizations is required to better unveil their
buried structures. Lastly, even in the best case with the addition of several techniques,
better interpretations are possible by using constraints from geological mapping and
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drilling. Indeed, it should be mentioned that several ICDP campaigns were performed
within impact structures, such as Bosumtwi (e.g., Koeberl et al. 2007; see Koeberl and
Milkereit 2007 for a review of ICDP drillings in impact structures), bringing a lot of
complementary information to build and update geological models of these structures.
Often, correlation of geophysical data with geological constraints is a key to achieve the
best results (e.g., Morgan et al. 2016).
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Chapter 2
Geophysical signature of the Tunnunik impact structure,
Northwest Territories, Canada

Geophysicist walking through a “grassland” near a canyon created by river-driven
erosion within the Tunnunik impact structure, Prince Albert Peninsula, Victoria Island,
Canadian Arctic (Summer 2015) Photography © W. Zylberman
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2

Effect of erosion on the geophysical signature of mid-size
impact structures

This Chapter is an advanced version of a scientific paper which will be submitted in the
fall 2017 to the journal Meteoritics & Planetary Science (perhaps in a special issue about
Tunnunik). The supplementary information is presented after the paper. Its reference is:
Zylberman W., Quesnel Y., Rochette P., Uehara M., Gattacceca J., Osinski G. R., and
Champollion C. (forthcoming) Geophysical signature of the Tunnunik impact structure,
Northwest Territories, Canada. Meteoritics & Planetary Science.

2.1 Geophysical signature of the Tunnunik impact structure,
Northwest Territories, Canada
2.1.1

Introduction

With only 190 impact structures confirmed, the Earth presents currently at its surface the
lowest number of craters of all the terrestrial planets. Indeed, craters on Earth are
continuously removed by erosion and hidden by sedimentation, or tectonic activity (Grieve
2006). Therefore, geophysical methods are particularly relevant to the study of terrestrial
impact craters, as they can reveal buried, hidden or eroded structures (e.g., Penfield and
Camargo 1981; Pilkington and Grieve 1992; Gudlaugsson 1993; Poag et al. 1994; Grieve
and Pilkington 1996; Pilkington and Hildebrand 2000; Langlais and Thébault 2011). The
most widely used geophysical techniques for studying impact craters are gravity and
magnetic surveys, because these potential field data with continuous coverage are available
almost everywhere and can be obtained relatively easily (Grieve 2006). Small-size impact
craters are well characterized by negative potential field anomalies (Grieve and Pilkington
1996), while it is not as clear for intermediate-size complex impact structures.
After removal of regional trends and other gravity effects (e.g., topography, lakes),
complex craters usually exhibit a residual gravity low (i.e., a negative Bouguer gravity
anomaly). The geophysical signature is mainly due to a reduction in the density of target
rocks because of impact-induced fracturing, brecciation and melting (Pilkington and
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Grieve 1992). Additional minor effects can also contribute to the mass deficiency, such as
lower-density post-impact sediments filling relatively fresh craters (Grieve and Pilkinton
1996). The lithological and physical changes associated with the impact process can also
be modified a posteriori by alteration.
The second common type of geophysical signature associated with impact craters is a
magnetic field anomaly. The interpretation of magnetic anomalies is far more complex than
gravity anomalies. Indeed, impact-induced shock waves can have non negligible effects on
the magnetization of rocks and thus on the magnetic signature of impact structures.
However, some of the impact induced effects are still debated, such as the preservation of
a shock-induced remanent magnetization (SRM; e.g., Cisowski and Fuller 1978; Halls
1979; Pesonen et al. 1992; Gattacceca et al. 2007, 2008, 2010). The observed signature in
small craters (D < 10 km) is typically a weak magnetic relief that usually consists of a
truncation of the existing regional anomalies (Dabizha and Fedynsky 1975; Cisowski and
Fuller 1978; Clark 1983). The impact reduces the natural remanent magnetization (NRM)
to levels near zero (Gattacceca et al. 2010). The exact process, however, is not welldefined, in part because of a lack of data. In larger craters (D > 10 km), central highamplitude and short-wavelength anomalies can occur (Morgan and Rebolledo-Vieyra
2013). Their source is usually complex, and can originate from hydrothermal processes
(e.g., Haughton; Quesnel et al. 2013; Zylberman et al. 2017), post-impact cooling of
impact-generated rocks (e.g., Ries; Pohl et al. 2010) and/or shock metamorphism (e.g.,
Slate Islands, Charlevoix, see Halls 1979; Robertson and Roy 1979; review in Grieve and
Pilkington 1996). However, the origin of magnetic lows in complex and eroded impact
structures remains unclear (Pilkington and Grieve 1992; Grieve 2006). High-amplitude and
long-wavelength magnetic anomalies generally occur in even larger craters (D > 40 km)
and originate from central uplifts (Morgan and Rebolledo-Vieyra 2013). In addition,
interpretations made using low-resolution data could be challenged using a more diverse
combination of techniques coupled to detailed geological studies.
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The Tunnunik impact structure is located in the western Canadian Arctic Archipelago (Fig.
2.1) just south of the Richard Collinson Inlet (“Tunnunik” in Inuvialuit), on the Prince
Albert peninsula, northwestern Victoria Island (75°28’N, 113°58’W). Based on the
observation of tilted strata and the distribution of shatter cones, Dewing et al. (2013)
described a ~25 km-wide circular feature. The target sequence is composed of CambroSilurian sedimentary rocks (mostly carbonates) from the Arctic Platform. Formations
identified within the diameter of the structure include from oldest to youngest, the Wynniatt
(part of the Shaler Supergroup), Mount Phayre, Victoria Island, and Allen Bay formations
(Dewing et al. 2013; Newman and Osinski 2016). Neoproterozoic diabase dykes also
intrude into the Wynniatt Fm.
Based on the observation of inward-dipping listric faults out to a radius of 14 km, Osinski
et al. (2013) defined a 28 ± 0.5 km apparent crater diameter (Da). Observation of planar
deformation features (PDFs) in quartz indicated shock pressures of 12–17.5 GPa
(Pickersgill and Osinski 2013). Possible hydrothermal alteration has also been reported at
the site, but evidences remain sparse and samples are still under investigation, as it is not
always clear if the described alteration is pre- or post-impact (Marion et al. 2013).
Geological investigations of samples are ongoing, and geological mapping (Fig. 2.1)
revealed the presence of dykes of different types of polymict impact breccias (Newman
and Osinski 2016). More detailed information on the pre-impact stratigraphic sequence and
geological context can be found in Dewing et al. (2013), the only paper published on the
Tunnunik impact structure to date.
In this paper, we document the geophysical signature of the Tunnunik impact structure
using ground-based gravity, magnetic and electromagnetic measurements. Possible sources
for the detected anomalies are proposed based on numerical modeling. Such geophysical
investigations reveal the vertical structure of this crater and will shed light on the question
of crater diameter.
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Figure 2.1. Location and geological map of the Tunnunik impact structure. Left:
Location of the structure on Victoria Island, Canadian Arctic (Modified after
Dewing et al. 2013). Right: Preliminary geological map (Newman and Osinski 2016).

2.1.2

Methods

In summer 2015, two weeks of field geophysics were performed within the Tunnunik
impact structure, focusing on magnetic and gravity surveys. Electromagnetic sounding
(EM34) was also conducted as an effort to determine the thickness of surficial geological
formations, especially quaternary sediments overlying the impact structure.

2.1.2.1

Magnetic field mapping

The variations of the intensity of the geomagnetic field vector (total-field) were mapped
using a mobile Geometrics G-858 MagMapper cesium vapor probe fixed at 2 m height.
The internal and external field variations were removed using a fixed Geometrics G-856
proton precession base station magnetometer. The G-856 and G-858 have absolute
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precision of 0.1 and 0.01 nT (at 1 measurement per second) respectively. Diurnal variations
reached several hundreds of nT during our surveys and are removed from final data.
Two main perpendicular profiles were conducted towards the east and south, as far from
the potential center of the structure as possible (Fig. 2.2). The central area contains more
data to build a preliminary magnetic map over this potential center. We did not apply
reduction-to-the-pole since the location is about 1,700 km from the magnetic north pole.
During the survey the IGRF predicted average field intensity was 58139 nT, the inclination
was 86° and declination 16°. Processed data points were then interpolated using a standard
kriging method.

2.1.2.2

Gravimetry

Gravity data were acquired using a Scintrex CG-5 Autograv gravity meter, which has a
resolution of 1 µGal. Again, two main profiles 15-20 km long in the NW-SE and SW-NE
directions were performed with a spacing of 500 m between each measurement point,
crossing at the main base station near the estimated center of the structure. Additional
measurements along 5 shorter profiles allowed to build a central map, based on 113
independent points (Fig. 2.2). Each point was measured at 1 s intervals and averaged during
100 seconds, with automatic exclusion of outliers, at least 4 times successively.
Instrumental error, as defined by the s.d. of the 4 successive averages, varied between 0.5
and 16 µGal with an average of 6 µGal, depending on wind and soil stability. Return to the
base for time drift correction was performed every 2.5 to 7 hours. Three additional bases
were used to minimize walking distance. Drift varied from 0.5 to 2.6 µGal mn-1 (average:
1.2 µGal mn-1). The gravity anomaly is defined based on measurements relative to a
reference gravity point which has a value of 0 mGal. This point is located near the center
of the impact structure.
Data were processed using dGPS data (see next section) and a series of standard corrections
to remove the Earth tide, drift, latitude, altitude and topographic effects and finally to obtain
the complete Bouguer gravity anomaly map. Final accuracy of the Bouguer anomaly
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(taking into account instrumental errors, altitude and topography correction accuracy) is
around 0.1 mGal (see the Supplementary Material for details). Processed data points were
then interpolated using a kriging method.

2.1.2.3

Differential GPS

X, Y and Z locations of the gravity measurements were precisely measured using a
differential GPS (dGPS) system (Trimble R8) which consists of a base and mobile GNSS
stations connected by a radio communication and monitored with a controller. With the
real-time kinematics (RTK) capability of the system, a precision of ±10 cm in elevation
(Z) can be achieved. This precision is suitable for gravity accuracy at the 0.1 mGal level as
an elevation error of 5 cm produces a 0.01 mGal error in Bouguer gravity (Milsom and
Eriksen 2011). Therefore, a maximum uncertainty of 10 cm would produce a 20 µGal error,
which combined with the average 6 µGal experimental error of the CG-5 instrument would
result in a total error inferior to 30 µGal. This total error is below 1 % of the total amplitude
of our Bouguer gravity anomaly (see next sections). Since the radio communication can be
limited by hills and long distance (about 5 km maximum), we changed the position of the
base station several times.
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Figure 2.2. Location of geophysical measurements performed at Tunnunik. a)
Location of the gravimetry, magnetic field mapping and EM34 profiles. Notably, the
profiles are located within the internal ring of concentric faults inside the impact
structure. The external ring of faults (Osinski et al. 2013; Newman and Osinski
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2016) can be seen on the upper corners of the image, as well as on the bottom right
corner. Background is the global digital elevation model version 2 (GDEM2) from
ASTER (NASA-METI). b) Zoom on the central area of the crater, showing the
location of the three main EM34 lines. Background is a Quickbird satellite image at
0.6 m/px resolution (NASA Digital Globe). The coordinate system for both images is
WGS84/UTM Zone 12 North projection with NAD83 datum, in meters.

2.1.2.4

Electromagnetism

Electromagnetic soundings were performed using a terrain conductivity meter (EM34-3,
Geonics Ltd.), which can measure the apparent conductivity of the ground by means of a
pair of coils. We measured 104 data points at a sensitivity of 1000 mS m -1 along three
profiles (Fig. 2.2), including two perpendicular ones (lines 2 and 3) to map the extent of
Quaternary sand deposits. Both horizontal and vertical dipole configurations were
implemented at different distances of 10, 20 and 40 m between the transmitter and receiver
coils, to obtain apparent conductivity values at increasing depths (Fig. 2.5, details in
Supplementary Material). The distance between each measurement point is 250 m.

2.1.2.5

Physical Properties

Bulk densities (BD) used to constrain the gravity model were calculated based on the
measurements of diameter (D), height (H) (with a ruler and a caliper) and mass (m) of
small cylinders obtained after sawing portions of 2.5 cm diameter drill cores. In order to
get a precise result, the volume was calculated using the average value of a matrix
constituted of 8 numbers resulting from a combination between the length of the cylinder
(measured 4 times) and the diameter (measured 2 times). The mass was measured with a
high-precision balance. Magnetic parameters used to constrain the model are from
Lepaulard et al. (in prep.) and were obtained from measurements with a SQUID 760R (2G
Entreprises) Superconducting Quantum Interference Devices magnetometer with a
sensitivity of 2×10-12 A m². The magnetic susceptibility was measured with a AGICO
Kappabridge MFK1.
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2.1.3

Results and interpretation

The Bouguer gravity map from our measurements is shown in Figure 2.3, revealing a
general negative gravity anomaly of ~3 mGal amplitude over the center of the Tunnunik
impact structure. In detail, the shape of this central anomaly is not circular but has a cross
shape with two axes extending as far as ~13 km in the SW–NE and NNW–SSE directions.
The negative anomaly reaches -3 to -3.6 mGal around a less negative (–0.6 mGal) isolated
anomaly, that we can consider to be located near the center of the structure (402000E,
8044000N). Towards the SE, NE and at the extreme north of the map, high gradients (i.e.,
at the transition from a negative to a positive signal) seem to correspond to the location of
faults that separate different geological formations (perhaps brecciated to different
degrees). Despite the effect of the data distribution and the interpolation, we can conclude
that a central negative anomaly remains visible, but its shape may be asymmetric. This
gravity anomaly is not observed in the regional gravity data acquired by NRCan (see
supporting information for detail of calculations and regional trends).
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Figure 2.3. Complete Bouguer gravity anomaly map over the center of the
Tunnunik impact structure. Locations of possible geologic faults are indicated by
full black lines. Open circles are location of the gravity measurements, while the
thin white line corresponds to the interpolated gravity profile. Locations of shatter
cones are full black dots (Osinski and Ferrière 2006). See Fig. 2.9 for data
corrections. Coordinate system is WGS84/UTM Zone 12 North projection with
NAD83 datum, in meters.
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The interpolated map of the total-field magnetic anomaly over the center of the Tunnunik
impact structure is shown in Fig. 2.4. Again, the heterogeneous data distribution and the
associated interpolation may influence our interpretation, but the general features are
always observed whatever the interpolation method. Subtracting some very isolated large
signals (anomaly up to 250 nT) acquired over diabase dike outcrops, the total amplitude of
the interpolated signal reaches ~100 nT (Figs. 2.4 and 2.6). A general NE-SW trend from
-10 nT to -40 nT appears. This could correspond to a regional influence, but the lack of
spatial resolution of available airborne data (NRCan) and magnetic field grids in this area
prevents from a good characterization and comparison of the regional influence over the
impact structure (see supporting material for further details). Some isolated strongly
negative signals are observed over (404000E, 8040000N) and (398000E, 8040000N), but
may correspond to topographical effects. The most important positive (+42 nT) and longwavelength (~2-3 km) anomaly corresponds to a triangle centered in (401000E,
8045000N). Comparing with the gravity anomaly and its geographic center, the magnetic
anomaly is located 1 to 2 km in the NW direction. Similar to the gravity data, this ‘central’
anomaly is slightly asymmetrical with a major axis in the N–S direction and a minor axis
in the WSW–NNE direction, with wavelengths of ~3 and ~2.5 km respectively. This area
fits very well with the expected location of the Wyniatt (Shaler Supergoup) geological
formation, intruded by some diabase dykes that generates some isolated strong magnetic
field anomalies (not visible on map due to interpolation).
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Figure 2.4. Positive magnetic field anomaly over the center of the Tunnunik impact
structure. Locations of measurements are indicated in thin white line. The thick
shaded line is the interpolated profile. Locations of possible geologic faults are
indicated in full thin black line. This is an interpolated colored map, consequently
the maximum and minimum values given in the legend color bar are only indicative.
Coordinate system is WGS84/UTM Zone 12 North projection with NAD83 datum,
in meters.
Thus, both gravity and magnetic field signals show a significant (but not exactly at the
same location and with the same extent) anomaly of several km wavelength in the surveyed
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area, confirming the presence of a relatively deep seated geological source body at or
nearby the center of the impact structure.
Electromagnetic measurements along line 1 show a moderate apparent conductivity
anomaly (~10–18 mS m-1) at ~2 to 2.4 km from the start of the profile on a low apparent
conductivity background (~0–10 mS m-1). The conductive zone is located between two
lakes visible on Figure 2.2b and is associated to a topographic low. In addition, field
observations indicate that the surrounding area is saturated with water. Based on these
observations, we interpret this area as a zone of water transfer in the soil between the two
lakes. Line 2 shows a large apparent conductivity anomaly (up to > 28 mS m-1) on a low
background (~0–10 mS m-1). The anomaly extends from d ≈ 0.5 km to d ≈ 1.5 km and is
associated to a local topographic high. This observation confirmed geological mapping of
the area: this relief is formed by a quaternary sand deposit. This formation is also visible
on satellite image, around the camp and along the river in which it has a lighter bright-grey
color (Fig. 2.2b). Mainly located on the conductive sand, line 3 recorded apparent
conductivity values from ~10 mS m-1 to > 28 mS m-1. Internal variations within the
formation show two zones of highest conductivity (> 28 mS m-1) at d ≈ 0.7 km and d ≈ 1.4
km. According to the shape of these anomalies and topography, it can be observed that the
eastern anomaly is associated with a topographic low while the western one seems to be
connected to another local topographic low at d ≈ 0.8–0.9 km. An interpretation of these
variations is that apparent conductivity values reflect differences in water saturation of the
sand deposit. Possible interpretation of the geometry of these anomalies is a preferential
infiltration of water in topographic lows, followed by a penetration downwards and to the
west of the sand deposit. On all profiles, the resistive background (< 10 mS m-1) is
interpreted as bedrock (limestones of Victoria Island formation) and/or permafrost. Our
apparent conductivity data does not allow a precise definition of the thickness of the sand
deposit, however based on morphology of the sand butte it is about 40 m thick at minimum.
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Figure 2.5. Apparent conductivity profiles based on EM34-3 measurements over the
center of the Tunnunik impact structure. Horizontal distance is taken from the start
of each profile. The altitude is based on the altitude of the handheld GPS unit
logging the location of the measurements. The penetration depth is the
characteristic exploration depth for EM34-3 shown in McNeill (1980).

2.1.4
2.1.4.1

Discussion
Diameter and erosion

We detected a ~13 km wavelength negative Bouguer gravity anomaly of ~3 mGal
amplitude over the center of the Tunnunik impact structure. Mid-size complex impact
craters (see Osinski and Grieve 2013 for a review) are typically characterized by circular
negative gravity anomalies that typically extend to or beyond the crater diameter. The size
and amplitude of the anomaly are expected to increase with an increasing apparent crater
diameter (Da) (Pilkington and Grieve 1992, Grieve and Pilkington 1996).
Concerning the wavelength of the anomaly, the ~13 km wavelength negative Bouguer
gravity anomaly detected over the Tunnunik impact structure indicates a minimum true
crater diameter (D – not to be confused with Da) of nearly 13 km, because it indicates a
minimal extent of the reduced density zone. However, Dewing et al. (2013) defined the
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apparent crater diameter of Tunnunik to ~25 km. Osinski et al. (2013) gave a more precise
estimate of Da based on the field mapping and remote sensing observations of concentric
faults up to a radius of 14 km in several directions, leading to a Da of 28 ± 0.5 km.
Therefore, the difference between geological estimates giving Da ≈ 28 km and our gravity
anomaly of 13 km in diameter may be explained because our measurements are limited to
the center of the impact structure (i.e., the second inner rim of faults, Fig. 2.2): they do not
reach the outer faulted rim which is supposed to be the outer limit of Da, as defined in
Osinski et al. 2013 (out of map in Fig. 2.2). Thus, the exact extent of the gravity anomaly
is actually unknown. The diameter can be constrained to a minimum but the acquired data
is insufficient to define its outer limit.
Concerning the amplitude of the anomaly, the amplitude of only ~3 mGal could possibly
be an indication that the structure is also deeply eroded, because impact structures of
comparable size generally have a higher amplitude (e.g., Keurusselkä; Raiskila et al. 2013).
However, the type of target rock is also important, as it can be observed that structures in
sedimentary targets generally have lower maximum negative Bouguer gravity anomaly
(Δg) than structures in crystalline targets (Pilkington and Grieve 1992). In addition, impact
structures can be classified using the erosional level index (E) established by Grieve and
Robertson (1979), based on the preservation of their ejecta, crater-fill products and
exposure of crater floor (Grieve and Robertson 1979, Pilkington and Grieve 1992).
However, most of the indicated diameters in these studies are apparent crater diameters Da
(Osinski and Pierazzo 2013), and have to be updated to take into account new studies
published after the 1990s (Osinski, Pers. Comm.). In fact, the majority of complex impact
craters on Earth are eroded (i.e., they are then called impact structures) and therefore only
Da could be determined in most cases. Arguably, Tunnunik could be given a value E = 7,
which indicates the worst state of preservation, in which the crater floor has been removed
and the substructure exposed, with no remnant of ejecta or crater-fill deposits preserved
within the Da of the impact structure (Dewing et al. 2013; Osinski et al. 2013; Newman
and Osinski 2016). In fact, the only preserved impact breccia or melt rocks found in the
field were in the form of dykes or sills injected into the sedimentary target rocks near the
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center of the structure. For this reason, Osinski and Ferrière (2016) classified the Tunnunik
structure with E = 6, and slightly modified the index, meaning that the crater-fill breccias
and melt rocks have been eroded, but isolated breccia dikes are still visible. The high
erosional level can be either due to a particularly old impact structure or to an especially
high rate of erosion in the Arctic. The latter idea is unlikely since the periglacial
environment of the Canadian Arctic archipelago is known to have good preservation
conditions (e.g., Lee and Osinski 2005), which is also why the nearby Haughton impact
structure is well preserved. From these observations, it can be assumed that the age of the
Tunnunik impact structure must be quite old and that it has been subjected to considerable
erosion for a long time.
As a nearby example, the Haughton structure (the second impact structure known to be
located on the Canadian Arctic Platform) is one of the best preserved complex impact
structure on Earth. It is characterized by a Da ≈ 23 km and a smaller estimated rim-to-rim
diameter (D) of 16 km (Osinski et al. 2005b). Its negative Bouguer gravity anomaly has a
12 mGal amplitude and a 24 km wavelength, the latter being very similar to its Da (Pohl et
al. 1988). Haughton has been given an erosional level of 2, which means that it is relatively
fresh with ejecta partly preserved (Pilkington and Grieve 1992, Osinski and Ferrière 2016).
In this case, we can take Haughton as a “typical” example of relatively fresh impact
structure for the environment of the Canadian arctic. As mentioned earlier, the diameter of
the gravity anomaly should be roughly equal to Da in relatively fresh craters such as
Haughton, and is not as strongly affected by erosion as the amplitude of the gravity
anomaly (Pilkington and Grieve 1992). Therefore, it remains difficult to characterize the
diameter of the structure with the amplitude only.
Haughton presents a local gravity minimum of ~3 mGal with a half-width of 2 km at its
geometrical center. Considering that Haughton is slightly smaller than Tunnunik
(supposing Da = 28 km) and the higher erosion state of the latter structure, one could think
that the remaining gravity anomaly at Tunnunik would broadly correspond to a similar
local minimum as detected at the nearby Haughton structure (i.e., the Tunnunik gravity
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anomaly was significantly larger before erosion). In this case, all other traces of shock and
brecciation would have been eroded away, and preserved only in the deepest, central part
of the crater. The only way to constrain this hypothesis is to perform gravity measurements
and geological sampling outside of the outer faulted rim, and observe if traces of density
reduction as we ll as shock metamorphism are still present. In fact, near-surface fracturing
has been reported to extend as far as one crater diameter beyond the crater rim (Gurov and
Gurova 1982). However, this extended fractured zone is expected to have negligible effect
on gravity anomalies and is generally restrained to the crater diameter (Pilkington and
Grieve 1992).
Comparatively, the eroded impact structure of Gosses Bluff in Australia (Barlow 1979)
seems to have more similar characteristics to Tunnunik: also impacted in sedimentary
target rocks (but clastic rather than carbonate), it has an apparent crater diameter Da of 24
km, which has been revised to 32 km (Osinski and Ferrière 2016) (Da = 28 km at Tunnunik),
a Δg of –5.5 mGal and a central peak (CP) of –3.5 mGal (Δg = –3.6 mGal and CP = –0.6
mGal at Tunnunik). It has been attributed an erosion level similar to Tunnunik (E = 6–7,
Pilkington and Grieve 1992, Osinski and Ferrière 2016) and has a relatively old impact age
(142.5 Ma; Milton and Sutter 1987).
Obviously, the effect of central uplift of underlying basement also has to be taken into
account, as it can partly cancels the broad negative anomaly in the structure center, as
described for example in the 6 km diameter Waqf structure (Heinrichs et al. 2014).

2.1.4.2

Structure

Unlike the nearby Haughton impact structure (Pohl et al. 1988; Quesnel et al. 2013;
Zylberman et al. 2017), the magnetic and gravity anomalies at Tunnunik are slightly offset,
suggesting partly different sources for both anomalies. A possible geological solution
explaining the observed gravity and magnetic field anomalies over the center of the
Tunnunik impact structure is presented in Fig. 2.6. This forward model was built using the
GM-SYS 2D module of the Geosoft Oasis Montaj software using constraints from (1)
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gravity and magnetic field data, (2) average values of the bulk density for the Earth’s layers
such as the crust and the mantle, (3) measured physical parameters for the different
geological formations identified and sampled in the field, i.e., bulk densities, magnetic
susceptibility, natural remanent magnetization (NRM), inclination (I) and declination (D),
(4) field geological data and mapping, i.e., thickness of geological formations (Dewing et
al. 2013), location of structures such as contacts and faults (Newman and Osinski 2016). It
corresponds to a simplified scheme of the “complex” model presented in the
Supplementary Material (Fig. 2.10) for which we obtained the best fits with errors of 3 nT
(3%) and 0.2 mGal (7%) only. The average parameters of the model are presented in Table
1, while the details of each layer and block are presented in Table 2. A simpler solution
was also produced with errors of 16 nT (16%) and 0.4 mGal (14%) (Fig. 2.11 and Table 3
of the Supplementary Material).
The source of the negative gravity anomaly is thus modeled as a reduced-density zone
(RDZ) extending up to ~1 km in depth and ~8 km laterally at the surface (Fig. 2.6 and
Table 2). It encompasses all geological formations, including several blocks of the upper
crust (Fig. 2.10). This geometry is in accordance with the existing literature: according to
the infinite slab model formula (see Supplementary Material for calculation) for structures
of D ≥ 20-30 km (Pilkington and Grieve 1992), our density contrast of ~100 kg m-3 (Table
2) associated with a maximum negative gravity value Δg = –3.6 mGal for the measured
anomaly gives a maximum depth extent Z = 860 m, a value which confirms the ~1 km deep
RDZ of our model (Fig. 2.6). As a comparison, a similar density contrast of ~150 kg m-3
has been determined at Gosses Bluff (Barlow 1979), a structure comparable to Tunnunik
(see discussion above). However, determination of density contrasts between unfractured
and fractured target rocks remain sparse (see Pilkington and Grieve 1992 for a list).
Similarly for deeply eroded structures (E = 6-7, Grieve and Robertson 1979), the amount
of removal of the disturbed zone beneath the crater floor is poorly constrained, allowing
for significant variations in the corresponding gravity effect (Pilkington and Grieve 1992).

117

At Haughton, the expected erosion (~150 m; Osinski et al. 2005) together with the age of
the structure (~ 23.5 Ma; Young et al. 2013) leads to an average erosion rate of 6.4 m Ma1

since the time of the impact. Because Tunnunik is also in the relatively stable periglacial

environment of the Canadian arctic, we can suppose the same erosion rate as Haughton to
obtain a rough estimate of the erosion at Tunnunik, knowing the age of the latter. According
to paleomagnetic data, the erosion corresponding to an age of ~430 Ma for the Tunnunik
impact structure (Lepaulard et al., in prep.) with Haughton’s erosion rate of 6.4 m Ma-1
gives ~2.7 km of post-impact erosion. One could think that this post-impact erosion is
responsible for the low-amplitude of the observed Bouguer gravity anomaly, but reducing
the anomaly via erosion requires eroding rocks which densities have been reduced by the
impact (pre-impact target rocks located below in the target sequence). However, if the
impact indeed happened ~430 Ma in the Silurian or in the late Ordovician, then the target
rocks are “only” composed of the Allen Bay (Ordovician-Silurian), Victoria Island
(Ordovician), Stripy Unit (Cambrian) and Wynniat (Proterozoic) formations which are
observed in the structure (Dewing et al. 2013). As they are all observable within the
structure, only the younger impacted unit (Allen Bay) could have been partially eroded
away. Its thickness is supposed to be of maximum ~1 km (Dewing et al. 2013). Combined
to the possible error in paleomagnetic dating, this could give a maximum thickness of ~1.5
km for the target rocks possibly eroded away (included in the ~2.7 km of possible postimpact erosion).
However, another phenomenon could explain the unexpectedly low gravity anomaly at
Tunnunik, without requiring a high amount of erosion: diagenesis pressure-solution could
cement the impact-induced fracturation in target rocks buried below a few kilometers of
post-impact sediments. To our knowledge, this post-impact phenomenon was never
invoked before as a possible way to reduce the amplitude of gravity anomalies in impact
structures. Possibly, it could be a new factor contributing to the generally lower maximum
negative Bouguer gravity values for impact structures associated with sedimentary targets
(Pilkington and Grieve 1992).
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The apparent crater diameter Da shrinks with increasing depth of erosion E by Da = D –
1.15E, because of the inclination of crater rim normal faults which dip toward the centre
of the crater by generally 60° (Kenkmann et al. 2013). According to this relation, and
supposing Emin = 1 km, Emax = 2.7 km and a Da = 28 km, the final (rim-to-rim) diameter D
of the fresh Tunnunik impact crater would have been comprised between ~29 km and ~31
km.
The pre-impact distribution of densities within the target rocks is also a parameter of
importance (Pilkington and Grieve 1992). In accordance with geological data from Dewing
et al. (2013), we modeled a transition zone to account for the progressive contact between
Victoria Island and Mount Phayre Fms. Our model shows that an important geological
variability is necessary to explain the observed anomalies (i.e., thickness variations of
sedimentary layers, Figs. 2.6 and 2.10). This variability can be explained in terms of
geological faults which offset formations, but also by other geological processes such as
hiatus, accumulations and bevels in the sedimentary sequence. Additionally, a globally
denser central uplift account for the local gravity high of –0.6 mGal at the center of the
structure.
The positive magnetic field anomaly detected over the center of the Tunnunik impact
structure appears to be almost exactly superimposed to the outcrop area of the Wynniatt
(Shaler Supergroup) dark dolomite formation (Newman, Pers. Comm.). Similar to
Haughton, the most magnetic rock in the area is dolerite (K = 4 10-2 SI and NRM = 0.7 A
m-1 in average). This mafic rock is present as localized dykes intrusive into the granitic
basement and into the Wynniatt Fm. (Dewing et al. 2013). To take into account these mafic
dykes in our forward model, we considered that 5% of the volume of the Wynniatt Fm.
was composed of dolerite, resulting in a Wynniatt layer (blue in Fig. 2.6) magnetized at
0.035 A m-1 with a magnetic susceptibility of 2 10-3 SI (Table 1). These values are several
orders of magnitude higher than the NRM and K of all other sedimentary rock present in
the area. Therefore, we considered null the magnetic properties of other sedimentary layers
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(see Supplementary Material for more information). These properties can be found in
Lepaulard et al. (in prep.).
However, the main part of the magnetic signal is due to a deeper source formed from
asymmetrically uplifted crystalline basement of the upper crust (Figs. 2.6 and 2.10). The
origin of this asymmetry is of interest and could be related to the obliquity of the impact
also observed in the distribution of shatter cones (Osinski and Ferrière 2016). Even if the
upper crust is normally more magnetic than other formations, the signal could not be
matched without invoking several blocks with a higher magnetization (Table 2), the highest
being a relatively small block magnetized at 0.5 A m-1, and located vertically below the
positive peak of the magnetic anomaly (Block S2 in Fig. 2.10). These localized higher
magnetization zones within the central uplift could be explained by highly magnetic
pockets of impact melt rocks and breccias (e.g., Shah et al. 2005). However, this seems
very unlikely considering the high erosion state of the crater (E = 7, see Grieve and
Robertson 1979, and discussion above). Shock-induced magnetization is also improbable,
as it is expected to decrease from the point of impact (Cisowski and Fuller 1978) and again
the structure is supposed to be deeply eroded (> 5 km of erosion). More likely, the enhanced
magnetization of the basement could be due to hydrothermal alteration (e.g., Quesnel et al.
2013), which has been shown to increase the NRM within impact melt rocks of the central
uplift at the nearby Haughton impact structure (Zylberman et al. 2017). Another possibility
would be a concentration of mafic, pre-impact magmatic rocks at this specific location,
possibly melted and remagnetized by the impact. Of course, a combination of the processes
described above is still possible.
Obviously, this non-unique model (Figs. 2.6 and 2.10) is too complex compared to the
simplicity of the measured signals. This is why a simpler solution was also compiled (Fig.
2.11). However, because the achieved precision is higher in the complex model and
because it respects the few geological constraints available from field studies (i.e.,
thickness of geological formations, locations of contacts and faults at surface, and
measurements on samples; see Dewing et al. 2013; Newman and Osinski 2016; and
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Lepaulard et al. in prep.), we believe that this complex model can help in further discussion,
constrain and understand the buried and/or eroded structures of mid-size complex impact
craters such as Tunnunik. Additional constraints on the model could be obtained by
sampling outside the crater to precise the density contrast and the extent of the gravity
anomaly, and in depth via drilling to constrain the deep structure and extent of the disturbed
zone. Other geophysical methods could also be used, especially seismics which could
reveal the depth of the crystalline basement.
Table 1. Main average parameters implemented in the forward model: bulk density
(d), natural remanent magnetization (NRM), declination (D) and inclination (I) of
the NRM, and volumic magnetic susceptibility (K) 1.
Geological Unit

d (kg m-3)

NRM (A m-1)

D (°)

I (°)

K (SI)

Cambro-silurian
sediments2

2670

0

0

0

0

Proterozoic dolomite
(+dolerite dykes)3

2700

0.035

80

50

0.002

Enhanced basement4

2720

0

0

80

0

Basement5

2750

0.100

0

90

0.05

1These

properties are used in the “undisturbed” zones of the model. Values used for the reduced density zone (RDZ) can

be found in the Supplementary Material (Fig. 2.10 and Table 2). 2Victoria Island, Allen Bay and Mount Phayre
formations. 3Wynniat Fm. (part of Shaler Supergroup) including 5 % of dolerite dykes with K = 4 10-2 SI and NRM =
0.7 A m-1. 4These are combined averages for basement blocks N1–5, S1 and S2 (Fig. 2.10 and Table 2). 5Upper crust.
Parameters for other layers of the Earth used in the model (middle crust, lower crust and mantle) can be found in the
Supplementary Material.
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Figure 2.6. Interpolated magnetic and gravity profiles (top) obtained after
reductions and corresponding non-unique forward model (middle) over the center
of the Tunnunik impact structure. Bottom is a broader view showing the extent of
the impact structure. Locations of gravity data points are placed on the interpolated
gravity profile. The geological cross-section is a simplified scheme of the complex
model presented in the Supplementary information. Topographic variations at the
center and north of the scheme (covering geophysical data) are from the global
digital elevation model version 2 (GDEM2) from ASTER (NASA-METI).
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2.1.5

Conclusions

The first gravity and magnetic field measurements over the Tunnunik impact structure
confirm the presence of a geological and geophysical anomaly centered on the crater, with
a long-wavelength negative Bouguer gravity anomaly of 3 mGal and a positive magnetic
anomaly of 100 nT, respectively. Using constrained forward modeling, we estimated the
geometry of the sources corresponding to these anomalies. It confirms the deep erosion of
the impact structure, with a fractured zone limited to 1 km depth in its present-day state,
suggesting that about 1-3 km of rocks have been eroded since the time of impact. Its
original (rim-to-rim) diameter is now constrained to have a minimum extension of 13 km,
and a post-impact, diagenesis pressure-solution mechanism could also have contributed to
the reduction in gravity anomaly amplitude. The positive magnetic field anomaly is thought
to be due to a highly magnetic core of asymmetrically uplifted basement, also indicated by
gravimetry, and possibly reflecting the heterogeneity of physical properties in the central
uplift due to an oblique impact. The origin of the magnetization is still unknown. A
possibility could be impact-generated hydrothermalism enhancing the magnetization of
rocks within the central uplift. The next chapter will show evidence supporting this
hypothesis in another impact structure.
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2.2 Additional information
This part gives additional details mentioned in §2.1.

2.2.1

Gravity data reduction

Formulas are based on the National Geospatial-Intelligence Agency, Office of GEOINT
Sciences, “Gravity station data format and anomaly computations” document (GEOINT,
2008). It uses formulas from Heiskanen and Moritz (1967). Please refer to these articles
for details about calculations and parameters.
Gravity data acquisition followed a classical loops scheme during the field experiment to
account for the temporal drift (∆𝑔) of the instrument using regular return to a base station.
The reference gravity point was set up in the center of the gravity network near the Camp
(Figs. 2.2 and 2.7). Gravity data are corrected from solid Earth tides using ETERNA 3.4
software (Wenzel, 1996) with the Tamura tidal potential development (Tamura 1987) and
ocean tide loading using Schwiderski tide model (Schwiderski 1980). Then the drift is
estimated for each day loop. The resulting gravity anomalies at each step of data reduction
are shown in Fig. 2.9.

2.2.1.1

Latitude correction

We calculated a latitude correction to account for the variation of the gravity field with
latitude:
(1+0.00193185265241𝑠𝑖𝑛2 𝜑)

𝛾 = (978032.53359) × (1−0.00669437999014𝑠𝑖𝑛2 𝜑)1⁄2 mgal

(3)

Where φ equals geodetic latitude and 𝛾 the theoretical (normal) gravity. In analytical form,
equation (1) is given by:
(1+𝑘𝑠𝑖𝑛2 𝜑)

𝛾 = 𝛾𝑒 (1−𝑒 2 𝑠𝑖𝑛2 𝜑)1⁄2

(4)
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This correction 𝛾 is subtracted from the observed (or absolute) gravity measured in the
field and corrected from the instrumental drift ∆𝑔. γe is the Normal Equatorial Gravity (γe
= 9.7803253359 m s-2).

2.2.1.2

Free-air correction (FA)

Then, we calculated the altitude effect as follow:
𝛾

𝜕𝑔 = −2 𝑎 × (1 + 𝑓 + 𝑚 − 2𝑓(𝑠𝑖𝑛2𝜑)) × ℎ

(5)

With 𝜕𝑔 the altitude effect (µGal m-1)
𝛾 the theoretical gravity value (𝛾 = 982746770.994 m s-²)
𝑎 the semi-major axis in the WGS 84 Ellipsoid (a = 6378137 m)
ℎ the altitude (in meters)
𝑓

the flattening (f = 0.00335281066474, unitless)

𝑚 = 0.00344978650684 (unitless)
𝜑 equals the geodetic latitude (in radians)
The free-air gravity gradient is negative, because the increase in height above the sea-level
reference surface implies an increase in distance from the Earth’s center of mass.
Therefore, the free-air correction is the opposite of the altitude effect (𝜕𝑔), and has to be
added to the previously obtained gravity value corrected from the latitude effect (Milsom
and Eriksen 2011).

2.2.1.3

Bouguer correction
𝛿𝑔𝐵 = 2𝜋𝜌𝐺ℎ

Where G is the Universal Constant of Gravitation (6.673 x 10-11 USI m3/kg.s2),

(6)
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ρ is the density of the Bouguer plate in kg m-3
h is the thickness of the Bouguer plate in m.
𝛿𝑔𝐵 is then subtracted from ∆𝐺 FA to obtain the Bouguer gravity anomaly ΔgB:
∆𝑔𝐵 = ∆𝐺𝐹𝐴 − 𝛿𝑔𝐵

2.2.1.4

(7)

Terrain correction

The complete Bouguer gravity anomaly (CBA) can be obtained by adding to ∆𝑔𝐵 a terrain
correction. This terrain correction is automatically calculated via a FORTRAN software
(Hwang et al. 2003) which assumes an average density of 2.67.

2.2.1.5

Local and regional gravity trends

Finally, the CBA has to be corrected from local and/or regional gravity trends. For instance,
the region of Tunnunik is characterized by a NW-SE gravity trend (Fig. 2.7).
This trend can be modeled as a simple plane of equation:
𝑧 =𝑎+𝑏×𝜆+𝑐×𝜑
With 𝑎, 𝑏, 𝑐 the plane constants
𝜆 the longitude (in degrees)
𝜑 the latitude (in degrees)

(8)
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Figure 2.7. Regional NW-SE Bouguer gravity trend over the Tunnunik impact
structure. The region where ground gravity measurements were performed for the
present study is located within the inner rim of circular faults inside the crater (see
Fig. 2.2 for more detail). This region is affected by a regional trend < 10 mGal.
There are few data points, and no anomaly is visible at this resolution. Geographic
coordinates are in meters. Geographic system is NAD84 UTM Zone 12N. Regional
gravity data is from the Canadian Natural Resource Council (NRCan).
Based on regional Bouguer gravity data (Fig. 2.7), we obtained the following equation for
the regional trend at Tunnunik:
𝑧 = −2.8 × 106 − 8.5 × 103 𝜆 + 2.5 × 104 𝜑

(9)

Therefore, the corrected CBA (𝐶𝐵𝐴𝑐 ) can be obtained by subtracting 𝑧 from the CBA,
giving:
𝐶𝐵𝐴𝑐 = 𝐶𝐵𝐴 − 𝑧 = 𝐶𝐵𝐴 + 2.8 × 106 + 8.5 × 103 𝜆 − 2.5 × 104 𝜑 − 𝐾 (10)
With K = 63219 a constant of the plane.
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A similar equation was obtained for a local trend in our data, though we chose to apply the
regional correction instead for more accuracy. The gravity data interpolated in our maps is
the 𝐶𝐵𝐴𝑐 .

Figure 2.8. Data corresponding to the complete Bouguer Anomaly corrected for the
regional gravity trend (CBAc) over the center of Tunnunik impact structure. Note
that color scale is different from the interpolated map. Grid is in meters and
coordinate system is WGS84/UTM Zone 12 North projection with NAD83 datum.
The CBA before correction of the regional trend can be viewed here:
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Figure 2.9. DEM and successive steps of gravity data reduction over the Tunnunik
impact structure. From left to right (and top to bottom): digital elevation model
(DEM), free-air (FA) anomaly, Bouguer anomaly (BA), complete Bouguer anomaly
(CBA) and CBA corrected for the regional trend (CBAc). Notably, the FA is mostly
influenced by topography and therefore correlates well with the DEM, while the BA
and CBA are very similar, indicating that the terrain correction is negligible.

2.2.1.6

Modeling
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Figure 2.10. Non-unique complex forward model fitting the magnetic (top) and
gravity (middle) interpolated signals (in bold) above the central area of the
Tunnunik impact structure. Black thin lines are the modeled signals. Red thin lines
are the magnetic and gravity errors. This model fits the magnetic and gravity
signals with errors of 3 nT (3%) and 0.2 mGal (7%) respectively. Location of the
geophysical profiles is indicated on Figure 2.3. Names of geological formations are
indicated on the left of the geologic cross-section, while main petrophysical
properties are indicated on the right side (NRM = natural remanent magnetization
in A m-1, K = magnetic susceptibility in SI, d = bulk density in kg m-3). Numbering
of blocks and naming of layers refer to Table 2 where all parameters can be found.
A central reduced density zone (RDZ) is necessary to explain the central gravity
low, while asymmetrically uplifted crystalline (Upper Crust) and sedimentary
(Wynniatt Fm.) basement with heterogeneous properties account for the rest of the
signal. The model is constrained with new field geological data (contacts and fault
locations, Newman and Osinski 2016), bibliographic information (thickness of
geological formations, Dewing et al. 2013) and physical properties measured in the
laboratory (this study and Lepaulard et al. in prep.). Image is extracted from the
©Geosoft Oasis Montaj software.
Magnetic properties of all sedimentary units but the Shaler supergroup (Wynniatt Fm.) are
null because their low values (Lepaulard et al. in prep.) are negligible in the model (i.e.,
they do not significantly influence the calculated signal) (Table 2). Properties of the Shaler
(Wynniatt Fm.) are calculated based on their original values (NRM = 3 10-4 A m-1, K = 4
10-5 SI) and assuming a content of 5 % of diabase dykes magnetized at 0.7 A m-1 with a
magnetic susceptibility K = 4 10-2 SI (Lepaulard et al. in prep.).
As most samples used to constrain the model come from within the inner rim of faults (near
the center of the impact structure), we considered that the values given by these samples
correspond to the reduced density zone (RDZ). Therefore, “normal” values for these
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samples are slightly higher and used for “undisturbed” areas of the model (i.e., outside of
the RDZ, Fig. 2.10).
Table 2. Parameters corresponding to each layer/block of the complex forward model.
Geologic formation
Allen Bay Fm.
Victoria Island Fm.
Transition Victoria - Mount Phayre
Mount Phayre (Stripy Unit) Fm.
Shaler Supergroup (Wynniat Fm.)
Upper Crust
Middle Crust
Lower Crust
Mantle
Reduced Density Zone (RDZ)
Victoria Island
Transition Victoria - Mount Phayre
Mount Phayre (Stripy Unit)
Shaler Supergroup (Wynniat Fm.)
Upper Crust Block (N1)
Upper Crust Block (S1)
Upper Crust Block (S3)
Upper Crust Block (S4)
Other blocks
Upper Crust Block (N2)
Upper Crust Block (N3)
Upper Crust Block (N4)
Upper Crust Block (N5)
Upper Crust Block (S2)
Upper Crust Block (S5)
Upper Crust Block (S6)
Upper Crust Block (S7)
Upper Crust Block (S8)
Upper Crust Block (S9)
Upper Crust Block (S10)
Upper Crust Block (S11)

AGE (Dewing et al. 2013)
MODEL DENSITY (kg/m3)
NRM (A/m)
Ordovician-Silurian/Undivided
2700
0.000
Cambro-Ordovician
2800
0.000
/
2600
0.000
Cambrian
2500
0.000
Neoproterozoic
(including 5% of diabase dykes magnetized at 0.7
2700
A/m and K=4.10-2 SI) 0.035
2750
0.100
2800
0.100
2900
0.000
3300
0.000
2700
2500
2450
(including 5% of diabase dykes magnetized at 0.7
2650
A/m and K=4.10-2 SI)
2630
2630
2700
2650
2750
2750
2750
2750
2750
2750
2750
2750
2750
2750
2750
2750

NRM D° NRM I°
0
0
0
0
0
0
0
0
80
50
0
90
0
90
0
0
0
0

K (SI)
0
0
0
0
0.002
0.05
0.05
0.00
0.00

0.000
0.000
0.000
0.035
0.200
0.200
0.000
0.000

0
0
0
80
0
0
0
0

0
0
0
50
70
70
0
0

0.00
0.00
0.00
0.002
0.05
0.05
0.00
0.00

0.100
0.100
0.200
0.100
0.500
0.000
0.100
0.200
0.200
0.300
0.300
0.000

0
0
0
0
0
0
0
0
0
0
0
0

90
90
90
90
90
0
-90
-90
-90
-90
-90
0

0.05
0.05
0.05
0.05
0.05
0.00
0.05
0.05
0.05
0.05
0.05
0.00
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Figure 2.11. Simple forward model fitting the magnetic (top) and gravity (middle)
interpolated signals measured above the center of the Tunnunik impact structure.
Black thin lines are the calculated signals. Red thin lines are the magnetic and
gravity errors. This model fits the magnetic and gravity signals with errors of 16 nT
(16%) and 0.4 mGal (14%) respectively. Location of the profile is the same as in
Figure 2.10. Numbering of blocks and naming of layers refer to Table 3 where all
the parameters can be found. Image is extracted from the ©Geosoft Oasis Montaj
software.

Table 3. Parameters corresponding to each layer/block of the simple forward model.
Properties of sediments are an average of values for the different sedimentary layers
of the complex model (Figure 2.10) which can be seen in Table 2.
Geologic formation
Sediments
Sediments_Fractured
Sediments_Shocked
Upper Crust
Upper Crust_Magnetized_Core
Middle Crust
Lower Crust
Mantle

2.2.2

MODEL DENSITY (kg/m3)
2700
2670
2600
2750
2750
2800
2900
3300

NRM (A/m)
0.011
0.011
0.011
0.100
0.300
0.100
0.000
0.000

NRM D° NRM I°
24
15
24
15
24
15
0
90
0
90
0
90
0
0
0
0

K (SI)
0
0
0
0.05
0.05
0.05
0.00
0.00

Calculation of the depth of fracturation associated with the
structure in its present erosion state

Formula for the infinite slab model: ∆𝑔 = 2𝜋𝐺𝑍∆𝜌

(11)

With ∆𝑔 the maximum negative of the measured gravity anomaly (here -3.6 mGal)
𝐺 the gravitational constant
Z the maximum depth of fracturation (below the crater floor)
∆𝜌 the density contrast between fractured and fresh target rocks (here 100 kg m-3)
So 𝑧 =

∆𝑔
2𝜋𝐺∆𝜌

(12)
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Knowing ∆𝜌, G and ∆𝑔, we can calculate:

𝑧=
2.2.3

−3.6
4×10−8

≈ −860 m

(13)

Electromagnetic soundings

We conducted 104 points of EM34 soundings (E01 – E104). The time and the position of
the EM34 measurement is recorded by a handheld GPS recorder (Oregon 650, Gamin Ltd.).
We employed the horizontal dipole configuration and vertical dipole configuration at
distances of 10, 20 and 40 m between the transmitter and receiver coils. We have not
conducted inversion calculation; instead, we visualize the apparent conductivity after
temperature corrections according to the effective depth of exploration given by Table 4
(McNeill 1980).
Table 4. Exploration depths for EM34-3 at various intercoil spacings (McNeill
1980).
Intercoil spacing (meters)
10
20
40

Exploration Depth (meters)
Vertical Dipole
Horizontal Dipole
15
7.5
30
15
60
30

All the points were measured at the less sensitive range (1000 mS m-1) due to the large
thermal drift of other sensitive ranges. We found a variation of the readings due to a thermal
drift of the instrument. Notably, some readings entered into negative values in cold
weather. According to Geonics Ltd., EM34 has a temperature coefficient of about 0.5
mS/m/°C. Fortunately, we recorded temperature at the camp site every 20 minutes, which
enabled us to compensate the thermal drift. To compensate this thermal drift, we used an
equation of σa,comp = σEM34 + 0.5 × (25 - T), where σa,comp is the temperature compensated
apparent conductivity, σEM34 is the EM34 reading, and T is the temperature in °C. We
assume that the instrument has been calibrated at 25 °C.
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Figure 2.12. EM34 drift. (a) Measured apparent conductivity of vertical dipole
configuration at 40 m coil separation versus temperature before temperature
compensation, showing 0.5mS/m/°C thermal drift. (b) The results after temperature
correction. The name of plots (V40 and H20, etc.) indicates Vertical/Horizontal
dipole configuration with 40 m/20 m of coil separation.
Figure 2.12 shows the result as a function of temperature. The apparent resistivity that is
the direct reading of EM-34 clearly shows a proportional trend having a slope of
approximately 0.5 mS/m/°C (black solid line) that is same as the temperature coefficient
given by Geonics Ltd. At the cold weather (< 10 °C) the EM34 readings have negative
values. After thermal correction (Fig. 2.12b) we can find a clear contrast of the resistive
lithology (< 10 mS m-1) and conductive sediments (>10 mS m-1). The resistive lithology
below 5 mS m-1 can be explained by bedrocks of Victoria Island formation (limestones) or
permafrost. Although there are two negative values, most of the conductivities are above 0
mS m-1. Thus, we can conclude that the temperature compensation used here is effective
for our EM34 sounding and identify the two lithology having different conductivities.
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Chapter 3
Haughton

First crustal magnetic field map from ground magnetometer survey over Haughton.
The star marks the base station. Contour interval is 50 nT. The central magnetic anomaly
has a value > 300 nT.
(Robertson and Sweeney 1983)
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3

Effect of hydrothermal alteration on the geophysical
signature of mid-size impact structures

This chapter is an integrated peer-reviewed scientific paper which has been published in
the journal Meteoritics & Planetary Science. The supplementary information is presented
after the paper. Its reference is:
Zylberman W., Quesnel Y., Rochette P., Osinski G. R., Marion C. and Gattacceca J. (2017)
Hydrothermally enhanced magnetization at the center of the Haughton impact structure?
Meteoritics & Planetary Science 52 (10): 2147-2165. DOI: 10.1111/maps.12917

3.1 Hydrothermally enhanced magnetization at the center of
the Haughton impact structure?
3.1.1

Introduction

Hypervelocity impact craters, or impact structures when eroded, are one of the most
common and yet little understood geological landforms at the surface of solid planetary
objects (Osinski and Pierazzo 2013). They form as a result of the impact of an asteroid or
comet traveling at cosmic velocity with the solid surface of a planet or another celestial
body (e.g., Grieve 1987; Melosh 1989). Today, an increasing number of high-resolution
spatial and spectral datasets are available for planetary bodies such as the Moon and Mars,
which can be used to identify their surface mineralogy (e.g., Bibring et al. 2006) and/or to
study deposits associated with impact craters (Wöhler et al. 2014). Such remote sensing
studies are now well-constrained by data collected by the rovers and landers (e.g., Squyres
et al. 2004; Coustenis et al. 2007; Grotzinger et al. 2014; Auster et al. 2015). Together,
these orbital and in situ studies have revealed how impact-generated hydrothermal
alteration is a widespread process on Mars (e.g., Rathbun and Squyres 2002; Marzo et al.
2010) and Earth (Newsom et al. 1986; Osinski et al. 2013; see Pirajno 2009 for a general
review on hydrothermal alteration and processes) and how impacts are of primary
importance in interpreting the geophysical signature of planetary surfaces (Acuna et al.
1999; Wieczorek et al. 2013; Zuber et al. 2013).
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Ground-truth of such observations coming from investigations of impact structures on
Earth (e.g., Osinski et al. 2005a) is needed to correctly assess and interpret these data.
However, the internal structures of terrestrial complex impact craters are often poorly
constrained, mainly due to a lack of data: usually only one geophysical campaign (often
aeromagnetics, sometimes with ground gravity measurements) has been carried out over
most structures to quickly reveal their overall signature (e.g., Pilkington and Grieve 1992).
This prevents a detailed understanding of the nature and geometry of the sources of local
geophysical anomalies, such as possible hydrothermally-altered geological formations and
how exactly hydrothermal systems form and evolve within central uplifts.
One of the best-preserved complex impact structures on Earth is the Haughton impact
structure (Fig. 3.1), located on Devon Island in the Canadian High Arctic Archipelago
(75°22’N, 89°41’W), with a ~23 km apparent crater diameter (Osinski and Spray 2005).
Various ages have been proposed for the Haughton impact (Omar et al. 1987; Jessberger
1988; Sherlock et al. 2005), with the most recent study suggesting that it was formed at
23.5 ± 2 Ma (Young et al. 2013). The pre-impact target is composed of the Lower Paleozoic
sequence of the Arctic Platform (Cambrian, Ordovician and Silurian sediments about 2 km
thick) overlying Precambrian metamorphic basement rocks of the Canadian Shield. It is
mainly limestones and dolostones, with minor evaporites, shales and sandstones. The
crystalline basement is composed of granitic and tonalitic gneisses of granulite facies
intercalated with metasedimentary rocks (Osinski et al. 2005a). These gneisses are intruded
by a series of charnokitic plutons at ~1.9 Ga, and later Sinian (~600–800 Ma) brown to
black, massive dikes of weathered dolerite intrude all the pre-Paleozoic rocks and the
overlying sedimentary rocks (Thorsteinsson and Mayr 1987). The impact produced a layer
of clast-rich impact melt rocks (Fig. 3.1) that contain a groundmass of microcrystalline
carbonate intermingled, but not mixed, with Si-Al-Mg silicate glass (Osinski and Spray
2001; Osinski et al. 2005b). This hot impact melt layer interacted with surface waters to
create a hydrothermal system which cooled during several tens of thousands of years
(Osinski et al. 2005c; Parnell et al. 2005), generating hydrothermal alteration of impact
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melt rocks in the central part of the structure and localized hydrothermal pipes in concentric
fault systems (Osinski et al. 2001).

Figure 3.1. Geological map of the Haughton impact structure.
X marks the drill site in the impact melt rocks. The arrow indicates the North.
(Modified after Osinski et al. 2005a; Thorsteinsson and Mayr 1987).
Other locations around the structure also show localized hydrothermal mineralization of
quartz, calcite, marcasite, pyrite, celestite, barite and fluorite in the form of vugs and veins
(Osinski et al. 2005c). Rock magnetism experiments have shown that pyrrhotite is the main
carrier of the remanent magnetization in the Paleozoic sedimentary target rocks while
magnetite (and/or maghemite) can be the carrier of the magnetization in crystalline clasts
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found nearby the center (Quesnel et al. 2013). However, no evidence for a hydrothermal
origin of those minerals has been documented to date.
Haughton possesses a negative Bouguer gravity anomaly 24 km in diameter (Pohl et al.
1988) and a local minimum at the crater center of approximately -12 mGal (Glass et al.
2012). Pohl et al. (1988) also detected a positive magnetic anomaly with a local maximum
of 700 nT near the crater center (named “Anomaly Hill”), corresponding to the minimum
of the gravity anomaly. These authors suggested an identical source for both anomalies.
They modeled the magnetic anomaly with a simple cone-shape model of low-density
material magnetized at 1.3 A m-1 and a 1 km deep root. They suggested the source of both
anomalies was a strongly compressed and sheared core of porous material originating from
sedimentary and/or metamorphic target rocks. The interpretation was that these rocks
underwent large degassing increasing the porosity and acquired a coherent thermoremanent
magnetization (TRM) when cooling in the Earth’s magnetic field (Pohl et al. 1988). Other
authors (Robertson and Sweeney 1983) did not exclude normal magnetic contrast with the
basement or shock remanent magnetization (SRM; e.g., Gattacceca et al. 2010).
More recent studies delivered additional data covering the whole crater (Glass et al. 2012)
but no detailed modeling of the central magnetic anomaly was done until 2010 when a field
expedition was conducted in order to acquire detailed data of the magnetic field anomaly
(Quesnel et al. 2013). This new ground magnetic survey found the peak of the magnetic
anomaly at 424677.09E, 8367951.27N (UTM Zone 16 projection with NAD83 datum).
Results indicate a 900 nT maximum amplitude and a 1.2 km wide magnetic field anomaly
while the surroundings show a negative signal down to -100 nT. The maximum of the
ground anomaly corresponds to a local 20 nT m-1 gradient, indicating that some parts of
the main magnetized source may have reached the subsurface. Further numerical modeling
of the magnetized source shows that a magnetization contrast of ~1.5 A m-1 is necessary to
account for the anomaly, with the shallowest parts (<30 m) having a higher magnetization
of ~2.3 A m-1 (Quesnel et al. 2013). The study also shows that no target rocks at Haughton
have total magnetizations strong enough to explain the anomaly except a small fraction
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(4%) of unusual basement rocks, but the high density of these samples is incompatible with
the gravity anomaly. Therefore, it was proposed that impact-induced hydrothermal
alteration enhanced the magnetization of highly porous uplifted basement rocks (Quesnel
et al. 2013), but that this material was not available at known outcrops.
In this paper, we correlate new field and laboratory geophysical data to petrography of the
first near surface (<15 m depth) drill cores within the central uplift of the Haughton impact
structure, to ground the above hypothesis.

3.1.2
3.1.2.1

Methods
Drilling

Fieldwork conducted in 2010 suggested that the superficial part of the source of the central
magnetic anomaly at Haughton may be shallow enough (<30 m) to be drilled (Quesnel et
al. 2013). In 2013, three drill holes located near the center of the crater (Fig. 3.1) and named
F1, F2 and F3 (Fig. 3.2), were conducted using a light drilling equipment (JKS Packsack
from Partshq, Canada) equipped to recover 2.5 cm diameter cores. Recovery rate was low
(0% for F1, ~25% for F2, and ~10% for F3, not including cuttings) because of the thickness
of surficial unconsolidated material loosened by permafrost formation, and melting of
permafrost during drilling operations. Solid drill cores were recovered in F2 starting at a
depth of -8.6 m under the surface (~110.5 m real altitude) until the end of the drill hole at
-12.7 m (corresponding to a cumulated length of 3.2 m without gaps), and in F3 starting at
a depth of -2.9 m (~116.1 m real altitude) down to -4.9 m (corresponding to a cumulated
length of 0.4 m without gaps). The sections without satisfactory recovery yield rock
fragments that were partly drilled during advancement and partly loose sand and gravel
material falling from the hole above. Full details on the depth of recovered material is
presented in the Supplementary Material (Fig. 3.11).
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Figure 3.2. Location of geophysical measurements and drillings performed at
Haughton. Green lines are ERI profiles. d = 0 m corresponds to the start of a
profile, which is the side with indicated number on the figure. The three red stars
represent the location of the drillings F1, F2, and F3. Drilling F2 is at the
intersection of ERI profiles 1 and 2, that is at d = 32 m on both profiles. The red
polygon shows the magnetic field mapping area and the dashed black N-S line is the
120 m isohypse (low slope to the southeast). On the background NASA Digital Globe
satellite image, three glacial polygons can be observed, with a triple-point junction a
few meters to the northwest of drilling F1. The ice wedges which crosscut ERI01
(shown on Fig. 3.3) are indicated by two small black dashed lines. The coordinate
system is UTM Zone 16 projection with NAD83 datum, in meters.

3.1.2.2

Field geophysics

New high resolution mapping of the vertical gradient of the magnetic field was used to
locate precisely the peak of the anomaly and to plan the drilling locations in zones with
different magnetic signatures (red polygon in Fig. 3.2). Borehole logging of the vertical
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gradient of the magnetic field as well as electrical resistivity imaging (ERI) were used to
correlate the material recovered in the drillings to physical properties of the subsurface.
The equipment used for mapping the vertical gradient of the magnetic field was a field
gradiometer Foerster Ferex 4.032 API. The red polygon area (Fig. 3.2 and Fig. 3.4a) was
mapped with a 10 to 5 m line-spacing. We also mapped the gradient with a higher
resolution of 1 m line-spacing over the drill site (Fig. 3.4b).
ERI was performed using an ABEM Terrameter SAS 64-4000 with a WennerSchlumberger protocol. Ten ERI profiles were collected (Figure 3.12 of the Supplementary
Material) at the top of the positive magnetic anomaly (Fig. 3.2). Profile n°10 is a W-E
profile realized apart from the anomaly zone in order to give the “normal” signature of the
permafrost. Each profile was 63 m-long with a spacing of 1 m, giving access to about 8
meters depth. The datasets were processed using the resistivity imaging software
RES2DINV (Geotomo Software).

3.1.2.3

Rock magnetism

A MS2C Bartington Core Logging Sensor susceptibility meter was used to measure the
volumetric magnetic susceptibility of the cores (noted K, in 10-5 SI). For the measurements
and alternating-field (AF) demagnetizations of natural remanent magnetizations (NRM)
and anhysteretic remanent magnetizations (ARM), a superconducting quantum
interference devices (SQUID) 760R magnetometer with a sensitivity of 2×10-12 A m² of
2G Entreprises was used. Continuous cores were measured directly in the magnetometer
and cuttings were measured as discrete samples. The inclination (I) is the inclination of the
bulk NRM measured by the SQUID magnetometer. The median destructive field (MDF) –
i.e., the value of the demagnetizing field for which the remanence is reduced by 50% – is
calculated for the ARM and NRM, in order to observe the variations of coercivity through
the cores. We also used a MicroMag 3900 Vibrating Sample Magnetometer (Princeton
Measurements Corp.) to determine the magnetic mineralogy. It has a sensitivity of 5×10 -9
A m² and allows measurements at room temperatures of first magnetization curves,
hysteresis cycles and remanence curves. We calculate ratios of the saturation remanent
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magnetization (Mrs) to the saturation magnetization (Ms) as well as remanent coercivity
(Bcr) to the coercivity (Bc). The MFK1 susceptibility meter with CS3 furnace from AGICO
was also used to confirm the magnetic mineralogy with thermomagnetic curves. All
magnetic measurements were performed at CEREGE.

3.1.2.4

Petrophysics

Bulk densities (BD) were calculated based on the measurements of diameter (d), height
(H) (with a ruler and a caliper) and mass (m) of small cylinders obtained after sawing
portions of the drill cores. In order to have a precise result, the volume was calculated using
the average value of a matrix constituted of 8 values resulting from a combination between
the length of the cylinder (measured 4 times) and the diameter (measured 2 times). The
mass was measured with a high-precision balance. The second step was to measure grain
densities (GD) (i.e., the density that takes into account the solid volume Vs, which is the
volume occupied only by solid grains within the sample once the air has been removed
from its porosity) using the helium pycnometry technique. For this purpose, we used a
Stereopycnometer from Quantachrome Instruments. The porosity (φ) is calculated as φ =
1-BD/GD.

3.1.2.5

Petrography

A detailed macroscopic petrographic description of the cores was conducted by visual
inspection and a ×10 hand lens. We estimated the proportions of components (vol %) in
the cores (Table 9 of the Supplementary Material). These estimations were based on the
charts of Folk (1951) and Reid (1985). The average grain size (AGS) was calculated based
on the measure of the major axis of the five largest clasts. The roundness and sphericity
ratio (r/s) was estimated based on Krumbein and Sloss (1956). The sorting index (S) was
evaluated based on Stow (2005; modified after Compton 1962). The indicated value is the
estimated standard deviation in φ units. For both the AGS and S, the matrix was not taken
into account. For the componentry analysis and proportion estimates, the matrix was
defined as all components with a diameter < 2 mm. Therefore, it not only comprises
microscopic phases, but also small clasts visible macroscopically.
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3.1.2.6

Microanalysis

Microanalysis of polished thin sections was performed on the JEOL JXA-8530F Field
Emission Electron Probe Microanalyzer at the Earth and Planetary Materials Analysis
Laboratory, University of Western Ontario. Element maps were constructed with a step
size of 1 µm and a dwell time of 15 ms. Wavelength dispersive spectrometry (WDS) was
used to map Mg, Ti, Mn, and Fe with standards enstatite, rutile, rhodonite and hematite,
respectively. Energy dispersive spectrometry (EDS) was used to map Ca, Ni, S, Cr, Al and
Si. Element maps, spectrometry and backscatter electron (BSE) imaging were collected
with the probe current set to 15 kV and 25 nA. X-ray fluorescence (XRF) measurements
were performed on sections of the cores using a portable instrument from Bruker (Tracer
IV-SD).

3.1.3

Results

3.1.3.1

Field Geophysics

3.1.3.1.1

Electrical resistivity imaging

ERI profile n°1 comprises the three drill holes (Figs. 3.3 and 3.4) and shows most of the
features observed on all the other ERI profiles. Therefore only this profile is analyzed here
(see Supplementary Material for the other ERI cross-sections). Four resistivity domains are
observed on ERI01: (1) a subsurface low-resistivity horizontal zone (LRHZ) following the
topography, which has a ~1–1.5 m deep base and is characterized by resistivity values of
~25–250 Ω m; (2) an intermediate-resistivity zone (IRZ), characterized by resistivity
values of ~600–3000 Ω m, is found generally below the LRHZ and extends downward in
some locations; (3) a high-resistivity zone (HRZ), characterized by resistivity values ≥3000
Ω m, composes the surroundings of the (4) LRA, a low-resistivity anomaly in the
permafrost characterized by resistivity values of ~10–600 Ω m. A local minimum ≤100 Ω
m is detected at a depth of -4.5 m corresponding to a real altitude of ~114.5 m at the end
of drilling F1.
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Figure 3.3. Top: Apparent resistivity model resulting from ERI profile n°1 (ERI01).
The locations of drill holes F1, F2, and F3 are, respectively, at 28 m, 31 m, and 42 m
from the start of the profile. The vertical scale is the elevation in meters. Solid
sections of the drill cores correspond to the solid part of the vertical arrows: they
have been recovered only in F2 starting at a depth of -8.6 m under the surface
(~110.5 m real altitude, below the ERI profile) and F3 starting at a depth of -2.9 m
(~116.1 m real altitude). Cuttings have been recovered in the other parts of the drill
holes and are indicated by dashed vertical lines. A diamond indicates the maximum
depth reached for a drilling and an arrow indicates that the drilling continues below
the resistivity profile. The borders of an ice-wedge polygon are also indicated.
Bottom: Interpreted profile with main resistivity zones. LRHZ = low-resistivity
horizontal zone; HRZ = high-resistivity zone; LRA = low-resistivity anomaly. The
rest corresponds to the IRZ (intermediate-resistivity zone).
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3.1.3.1.2

Vertical gradient of the magnetic field

Figure 3.4a shows a low-resolution map of the vertical gradient. It reveals positive
anomalies of ~20–30 nT m-1 while the surroundings show a weak negative signal of 0 to 5 nT m-1. Drilling site F3 is located in this “quiet” zone; whereas F1 and particularly F2
are in the large gradient area. Other isolated anomalies of very weak intensities are detected
farther out, but may be related to the noise induced by the mapping conditions (small
movements of the gradiometer due to the wind and/or topography and/or walking).
Figure 3.4b corresponds to the high-resolution map over the drilling site. An ice-wedge
polygon is observed in the field of this area (small black dashed lines in Fig. 3.2). Its
borders are exactly aligned with a magnetic contrast leading to a negative gradient of ~0 to
-20 nT m-1. A signal of ~20–25 nT m-1 was measured over F1, ~30–35 nT m-1 over F2, and
~0 to -5 nT m-1 over F3. In addition to the mapping of the vertical gradient of the magnetic
field, a log of the same gradient was conducted through the borehole F2 from the surface
to 8 m depth (Fig. 3.4c). It shows large gradients, specifically around -4.5 m, reaching
several hundreds of nT m-1.
A positive correlation was observed between low resistivity values (~100–600 Ω m) and
high vertical magnetic field gradient (~20–30 nT m-1). The correlation is the best at the
center of ERI01 apparent resistivity model where the magnetic anomaly is the highest
(Figs. 3.4b and 3.4c), that is at a distance ~23 < d < ~36 meters on ERI01 (Fig. 3.3). In this
zone, both magnetic and resistivity anomalies can be decomposed in two peaks where the
anomalies are maximum. The comparison between the ERI model (Fig. 3.3) and the
magnetic field gradient log (Fig. 3.4c) also indicates a correlation between the LRA
minimum (≤100 Ω m) and the high magnetic field gradient inside the F2 bore hole (-400
nT m-1): these two anomalies are located at the exact same depth, approximately -4.5 m,
suggesting a similar source for both anomalies. This depth corresponds to the Quaternary
sand and gravel layer inferred from the drilling.
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Figure 3.4. Magnetic field mapping and gradient over the drill sites.
A) Lower resolution map of the vertical gradient of the magnetic field over the
drilling sites. B) Higher resolution map of the vertical gradient of the magnetic field
over the drilling sites. C) F2 borehole logging of the vertical gradient of the
magnetic field. The coordinate system is UTM Zone 16 projection with NAD83
datum, in meters.
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3.1.3.2

Petrography of the Drill Cores

Two main types of lithologies were recovered from the drillings. The F2 drill core is a
white polymict impact breccia with abundant rounded clasts and widespread alteration
(Figs. 3.5a–f), whereas the F3 drill core is a grey polymict impact breccia with abundant
angular clasts and no macroscopically visible alteration (Fig. 3.5d). Intense microscopic
alteration has been identified in F2 by Marion et al. (2016a), wherein silicate clasts and
rims have altered to clay minerals. Both types are non-stratified and classified here into the
clast-rich category following the classification of Osinski et al. (2008), as both contain
generally high amounts of clasts (2% to 80 % locally, 30 % average). F3 shows a
fragmental texture, but whether F2 has a melt or fragmental matrix is not clear since
secondary alteration textures are superimposed on the primary textures. However,
important variations are observed in the texture as well as in the amount of clasts.
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Figure 3.5. Petrography of the clast-rich polymict impact melt rocks recovered in
drillings F2 and F3. A) Cross-section of the drill core F2 showing its different
components. B) Photography of a coarse-grained zone within drill core F2, showing
zoned and “colored” carbonate clasts, with (1) a ~5 mm large gypsum vein oblique to
the vertical axis of the drilling, and (2) an elongated carbonate clast. C)
Photography of a fine-grained zone within drill core F2, showing multiple orange
carbonate clasts. D) Photography of drill core F3, characterized by a relatively
homogenous, dark-gray fragmental texture. E) Different examples of zoned
carbonate clasts observed within the core F2: (a) simple symmetric zoning, (b)
complex symmetric zoning, (c) complex asymmetric zoning. F) Different types of “
alteration colors” observed within the core F2. The cores have been humidified to
better show the textures in the photographs. In (B), (C), and (D) the top of the
drilling is at the top of the photography and each graduation is 1 cm.

3.1.3.2.1

Matrix

Macroscopically, the matrix of the impact breccias is white in F2 (Figs. 3.5a–c) and grey
in F3 (Fig. 3.5d). It is composed of different components such as clasts with diameter < 2
mm, ranging from partially altered to fresh, and various matrix phases (gypsum in veins
and intergranular, microscopic phases) (Fig. 3.5a). In F2, the matrix proportion is in general
high (up to ~98%; Fig. 3.5c) but sometimes decreases dramatically in coarse-grained zones
(e.g., ~20 % in coarse-grained zone of Fig. 3.5b), with an average of ~66 %. In F3, no
variation is observed (< 5 %) and the average matrix proportion is ~80 % (Table 9 of the
Supplementary Material; Fig. 3.5d).

3.1.3.2.2

Clasts

Carbonates are the most common type of clasts encountered in the drill cores, representing
in general more than 90 % of all the clasts. Within F2, the clasts are often zoned and/or
oxidized (Figs. 3.5e, f) and have a roundness/sphericity ratio (r/s) of 0.8/0.8 (high
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roundness and sphericity; Krumbein and Sloss 1956) even if some lithologies are more
angular with sometimes rectangular shapes. They can have different colors (white, dark or
light grey) and sometimes show internal structures (e.g., sedimentary beds). Within F3, no
zoning and/or oxidation are observed. The carbonate clasts within F3 are more angular with
a lower roundness/sphericity ratio of 0.4/0.8. Carbonates are also the largest clasts found
in the cores (~5.5 cm maximum). Other types of clasts include black, dark-grey or darkbrown mafic angular clasts, metagranite and gneiss clasts, and translucent “vitric” clasts.
For full detail on the different kinds of clasts, componentry estimates and petrographic
description, see the Supplementary Material.

3.1.3.2.3

Alteration

The core F2 has specific structures that are not found in the core F3 and in samples from
the surface. For example, cm-size gypsum veins (selenite variety) were observed
macroscopically within the core F2. The veins are generally composed of a single phase of
transparent and colorless gypsum (e.g., Fig. 3.5b, label 1). Zoning within clasts is
widespread and found throughout the core F2. It includes symmetric zoning (Fig. 3.5e,
examples A and B) and asymmetric zoning (Fig. 3.5e, example C). Macroscopically, the
zoning is only found within carbonate clasts. It is often associated with green and/or orange
colors (called “alteration colors” in the rest of the paper) within carbonate clasts, in
association with parts of the core containing visible gypsum (e.g., section F2 G7). As can
be seen in the core log (Fig. 3.6), the proportion of the green alteration color increases in
zones containing visible gypsum. In addition, such grains often contain dark or black zones,
which can be microscopic iron-bearing minerals. These green and orange alteration colors
are not observed in the F3 core and within rocks sampled at the surface (Osinski et al.
2005b; Quesnel et al. 2013) – they are exclusive to drill core F2. There is sometimes a
relation between zoning and alteration colors (Fig. 3.5f, examples C, D, H). Other
evidences for hydrothermal alteration include small vugs within coarse-grained zones
associated to geodes of carbonate (~5 mm).
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EPMA analysis shows that a rim of Fe-oxides and sulfides occurs around a dolerite clast
(Fig. 3.7) within the core at the F2G7b location (Fig. 3.6). The composition of the
magnetites of the rim (secondary magnetites) is different from the magnetites within the
dolerite clast (primary magnetites), which are enriched in Ti and Mn and show a skeletal
texture while the magnetites of the rim are porous and often associated to smaller crystals
of euhedral pyrite. Sometimes, a second generation of smaller, euhedral and non-porous
magnetites are found around the larger first generation crystals.
The results of the XRF measurements (Fig. 3.13, Supplementary Material) show that F2
and F3 have similar contents in Fe and Ti, but that F2 is enriched in S, Si, Mg and slightly
in Ba, while F3 is enriched in Ca and Sr, relatively. More details on the petrography of the
cores – especially concerning microscopic phases – can be found in a recent abstract from
Marion et al. (2016a).

3.1.3.2.4

Changes with depth

The evolution with depth of the lithological facies and magnetic susceptibility of the cores
is shown on the geological and geophysical logs (Fig. 3.6). The section F2 G1 to H3
presented here is where most variation in petrography (grain-size, components) and
magnetic properties (susceptibility, NRM) are observed.
The F2 core is not stratified but shows important grain-size variations alternating between
fine-grained zones (Fig. 3.5c; G1–G6, G8, H1 on Fig. 3.6) and coarse-grained zones (Figs.
3.5a, b; G7, G9, G10, H2, H3 on Fig. 3.6). The evolution of the F2 lithology with depth
(Fig. 3.6) is cyclic: it starts with a very fine-grained part (G1–G6) where almost no
intergranular gypsum is found, as well as very few green alteration colors. It then becomes
coarse-grained in section G7 and fine-grained again in section G8. Subsequently, it is
coarse-grained from section G9 to H3. These changes in grain-size are often very sharp
and take place within a few centimeters (e.g., G6–G7, d = 919 cm).
In comparison, F3 is homogenous (fine-grained) and shows no important grain-size
variations. In addition to the color, the main differences between F2 and F3 are the
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widespread alteration (zoning, gypsum, and alteration colors), the higher r/s ratio, coarser
grain-size and worst sorting of F2 (Supplementary Material). Zoning and alteration colors
within F2 are correlated to the presence of gypsum, both in veins and intergranular (e.g.,
G7 at d = 959 cm and H3 at d = 1044 cm). Tables 8 and 9 of the Supplementary Material
provide a summary of the main petrographic characteristics of the cores.
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Figure 3.6. Geological and magnetic susceptibility logs for the core F2 from section
G1 to section H3. Only the main components are represented but both sides of the
cores are taken into account.
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Figure 3.7. Rim of Fe-oxides and sulfides around a dolerite clast. A) Backscattered
electron image. B) Fe elemental mapping. C) S elemental mapping. The white bar
for scale is 100 µm.

3.1.3.3

Density and porosity

We measured the bulk and grain densities, as well as the porosity of eight cylinders from
F2 and 2 cylinders from F3 as well as an angular sample of impact-melt rock from the
surface (sample 40-7) (Table 5). F2 and F3 show similar bulk densities, on average 1.76.
The average grain density of the samples is 2.51, indicating an average porosity of 29 %.
An important result is the difference in grain densities and porosities between F2 and F3.
F2 is characterized by an average grain density of 2.43 associated with an average porosity
of 28 %. F3 has a grain density of 2.70 that is the same as sample 40-7 – which is a grey
impact melt rock from the surface – and a porosity of 34 % also higher than F2.
The grain density of the grey impact melt rock (2.70) corresponds to the density of calcite;
whereas the grain density of the white impact melt rock (2.43) is closer to the density of
gypsum (~2.30) and clays, thus indicating a mineralogy dominated by sulfates and clays
with probably fewer calcite. Such an interpretation is coherent with the values of the
porosity, as a lower porosity in F2 could be explained by the abundance of intergranular
gypsum and clays as observed in coarse-grained zones (Figs. 3.5 and 3.6).
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Table 5. Density and porosity of the samplesa.
Sample

BD

GD

ɸ

F2G1

1.80

2.41

0.25

F2G7

1.96

2.53

0.22

F2G8

1.68

2.42

0.31

F2H3

1.73

2.53

0.31

F2H4

1.86

2.35

0.21

F2H11

1.57

2.40

0.35

F2I1

1.78

2.39

0.26

F2I6

1.66

2.44

0.32

F3E1A

1.66

2.69

0.38

F3E1B

1.88

2.71

0.31

40-7

2.70

Mean

1.76

2.51

0.29

Mean F2
Mean F3 and
surface

1.76

2.43

0.28

1.77

2.70

0.34

= bulk density, GD = grain (or particle) density, ɸ = porosity.
The average for F3 is grouped with the surface sample 40-7
because it is the same lithology. The full data is available in Table
10 of the Supplementary Material.
aBD

3.1.3.4

Magnetic properties

The average and median magnetic susceptibilities are similar for F2 and F3 (Table 6) with
values of ~77 10-5 SI. However, the field geophysical results (Figs. 3.3 and 3.4) have shown
that F2 and F3 are in zones with different magnetic (and electrical) signals. Indeed, the
difference comes from the NRM of the cores (Table 6), since F2 has an average NRM ~5
times higher than F3 (0.2 A m-1 for F2 and 0.04 A m-1 for F3). Also the maximum
susceptibilities and NRM are 3 and 13 times higher in F2, respectively. This difference is
confirmed in the measurements of the cuttings (Table 7).
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Table 6. Average magnetic susceptibilities, NRM, and inclination of the NRMa.
Core

K
(10-5 SI)

NRM
(A m-1)

I (°)

78
F2
0.19
(N=156; SD=30; range:
(N=91; SD=0.07; range: 0.09–0.56)
(white IMR)
22–270)

F3
(grey IMR)
IMR
out of drill
zone

76

0.04

(N=17 ; SD=9; range:
54–92)

(N=2; SD=0.007; range: 0.033–
0.046)

28

0.008

(N=9; SD=25; range:
5–80)

(N=5; SD=0.007; range: 0.0005–
0.02)

72
(N=91; SD=7; range: 47–89)

77
(N=2; SD=2; range: 75–80)

/

Q
5.87
(N=91; SD=1.85;
range: 3-16)
1.23
(N=2; SD=0.12;
range: 1.1-1.3)
0.63

a

K = volumetric magnetic susceptibility, NRM = natural remanent magnetization, I = inclination of the NRM, Q = Koenigsberger ratio (remanent over induced
magnetization ratio), N = number of samples, SD = standard deviation, IMR = Impact Melt Rock. Massic data are obtained using the average densities
calculated in the experiments. Note that the differences in N between F2 and F3 are due to different lengths of the cores and measurable sections. IGRF 12
was used for calculation of the induced magnetization.

Table 7. NRM data of cuttings and recovered fragmentsa.
Core

F2

F3

Mass (g)

Approximate
depth (cm)

1.93
2.76
4.38
6.56
14.5
5.81
5.45
4.52
4.54
3.14
15.3
21.9

81–162
390–593
593–713
713–847
1059–1065
1277
80
80
200
200
< 200
235

13.5

n.d.

Nature

IMR

18.5

n.d.

IMR
Clast
Clast
IMR
IMR
IMR
Clast
in IMR
IMR

6.14

235–258

Clast

7.98

235–258

IMR

NRM
(A m-1)
0.186
50.013
00.001
00.001
10.291
20.559
10.038
10.003
30.009
0.045
10.040
20.058
10.044
30.089
10.045

10.036
F2 mean
70.18
F2 median
0.10
F3 mean
10.04
F3 median
0.04
Total mean
30.09
Total median
0.04
a
IMR = Impact Melt Rock, NRM = Natural Remanent Magnetization.
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Figure 3.8. Volumic magnetic susceptibility (K), natural remanent magnetization (NRM), Koenigsberger ratio (Q) (remanent
over induced magnetization), total magnetization (Mtot = induced + remanent), inclination (I) of the NRM, and median
destructive field (MDF) of the NRM and ARM, for the core F2 from section G1 to section H3. The log of K corresponds to the
same data than in Fig. 3.6. IMR = Impact Melt Rock. IGRF 12 was used for calculation of the induced magnetization.
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Firstly, the volumetric magnetic susceptibility (K) is correlated to the geological log (Fig.
3.6): local peaks in the signal are observed in section G7 at depths of 934 cm (K = 161 105

SI and NRM = 0.3 A m-1) and 942 cm (K = 210 10-5 SI and NRM = 0.6 A m-1), as well

as in H3 at a depth of 1042 cm (K = 174 10-5 SI and NRM = 0.2 A m-1). These peaks are
linked to the presence of mafic clasts in hydrothermally-altered zones (Fig. 3.6). No peak
is associated with other clasts of this nature and similar apparent size in zones where
gypsum is not visible (e.g., G2, d = 889.5 cm). In addition, gypsum itself cannot be
responsible for the peak as gypsum veins are associated to magnetic lows (e.g., G1, d =
875.5 cm).
Secondly, a positive correlation is established between the NRM and the magnetic
susceptibility (Fig. 3.8). A relatively stable signal (~60 10-5 SI) is observed from the core
sections G1 to G5. Then, a more disturbed signal (~60-200 10-5 SI) is encountered from
G7–H3 with a maximum at 9.42 m. The signal is characterized by abrupt variations (peaks)
visible in all logs but best observable in the inclination data. The average inclination (I) of
the NRM is similar in both cores (Table 6) and confirms the direction previously recorded
in clasts from the impact melt rocks (I = 71°; Quesnel et al. 2013). There are no constraints
on the rotation of the cores during the drilling operation, so the declination cannot be used
here.
If the difference between F2 and F3 is important, it should also be noted that the
magnetization of F3 is still significantly higher than the NRM of basement samples
collected on the surface which have a total magnetization intensity weaker than 0.01 A m1

(Quesnel et al. 2013). In addition, five surface samples of grey impact melt rock 1-2 km

away from the crater center were measured in order to compare with the F2 and F3 cores.
These samples of similar aspect (grey color, fragmental texture) than F3, yielded an
average NRM of 7.7×10-3 ± 6.8×10-3 A m-1, a value five times smaller than the NRM of F3
(Table 6). AF demagnetization of the matrix of the cores (Fig. 3.9) revealed a well-defined,
single-component paleomagnetic direction at all depths, both in F2 and F3, whereas some
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data points correlated to mafic clasts (e.g., F2G7 at d = 942 cm visible on Figs. 3.6 and 3.9)
show chaotic demagnetization above 35 mT (F2-G7-942 cm on Fig. 3.9).

Figure 3.9. Orthogonal projection plots (Zijderveld diagrams) of stepwise
alternating-field demagnetization data of the cores. Open and solid symbols are
projections on vertical and horizontal planes. Demagnetization steps are in mT.
NRM means natural remanent magnetization. The declination is unknown. The
depth of measurement is indicated in cm after the name of the sample. The
demagnetization of the matrix in both cores F2G1 and F3G2 show similar, singlecomponent paleomagnetic directions, whereas a local maximum in the core F2
shows a disturbed path at relatively high field (> 35 mT) that could be related to
spurious GRM (gyroremanent magnetization) acquisition.
Hysteresis measurements (Supplementary Material, Table 11 and Fig. 3.16) gave the
following ratios for F2: 0.11 < Mrs/Ms < 0.31 and 1.81 < Bcr/Bc < 2.46. Those results are
complemented by the MDF of the ARM (MDFARM), for which all values are comprised
between 21 and 26 mT for the core F2G1–H3 with both average and median values equal
to 23 mT (Fig. 3.8). The results are similar in F3 samples (2.05 < Bcr/Bc < 2.28 and 0.14 <
Mrs/Ms < 0.31) while the MDFARM is slightly higher with an average of ~31 mT.
Thermomagnetic curves show inflexions around 580 °C and 500 °C (Supplementary
Material, Fig. 3.15).
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3.1.4
3.1.4.1

Discussion
Alteration

It seems that most of the macroscopic differences between cores F2 and F3 can be
attributed to alteration. For example, the higher r/s ratio in F2 (0.5/0.6) compared to F3
(0.3/0.5, Table 8 in the Supplementary Material) appears to be due to the development of
alteration haloes (zoning) around clasts as well as dissolution/replacement processes (as
indicated respectively by vugs and intergranular gypsum; Fig. 3.6). The lighter color of F2
compared to F3 could be due to metasomatism which can result in a recrystallization of the
microcrystalline carbonates, leading to a coarser grain-size of the matrix. This coarser grain
size would allow more light to be reflected from the rock, which is demonstrated as a lighter
color. It is also common that hydrothermal alteration results in the production of secondary
silicate minerals such as clays, sericite, alunite, quartz or carbonates, giving the altered
rocks a bleached aspect in comparison to fresher specimens (Schwartz 1959).
The alteration colors observed in the core F2 (orange and green colors within clasts; pinkish
and green color of the matrix; Fig. 3.5b, c, e, f) are dependent on different minerals
precipitated as a result of rock-interactions with oxidative/reducing fluids, or
transformation of primary iron-bearing minerals into secondary minerals in response to
changing environment conditions. For example, the color of iron-bearing rocks can be
directly dependent on the oxidation state of Fe (Sánchez-Navas et al. 2008). It is common
for granite and carbonates to take on a reddish or orange color due to heating experiments
(Dunlop and Özdemir 1997). It is also known that a higher iron content in the form of
hematite results in a redder color (Valanciene et al. 2014). However, the alteration colors
are only found within the drill core F2, and are not observed in the drill core F3 nor within
the rocks sampled at the surface (Osinski et al. 2005b). This means that they are not caused
by impact melting processes but rather by post-impact hydrothermal alteration in
association with zoning (Fig. 3.6).
The microscopic observation of a rim of iron sulfides and oxides around a mafic clast (Fig.
3.7) is interpreted to be evidence for leaching of Fe contained in primary iron oxides within
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basement clasts and re-precipitation of secondary Fe-oxides and sulfides around the clasts,
thereby enhancing the magnetization by creating additional magnetic minerals. This
remobilization could be achieved through post-impact processes such as hydrothermal
alteration or reaction of the clasts in a hot melt. However, it has been found only in the
strongly altered drill core F2, suggesting again its association with hydrothermal alteration.
This process also better explains the high proportion of sulfides in the rim, as sulfur could
have been provided by the hydrothermal fluids that formed the abundant gypsum of the
drill core F2. Magnetite formation can also occur at relatively low temperatures (e.g.,
Schwenzer and Kring 2013). In this case, the secondary magnetites are formed during the
late-stage of liquid-dominated carbonate-sulfide/iron oxyhydrate mineralization, in
combination with the formation of gypsum (e.g., Kirsimäe and Osinski 2013).
The XRF results (Figure 3.13, Supplementary Material) indicate a higher content in Si and
S, as well as a lower content in Ca in F2 compared to F3. This can be interpreted as an
enrichment in sulfates and silicates and a depletion in carbonates in F2 compared to F3.
These results confirm the pycnometry data, supporting evidence that the alteration visible
in F2 caused to a certain extent the replacement of some carbonate phases by gypsum and
silicates, as well as possibly anhydrite. This is coherent with the observation of
macroscopic gypsum veins and a bleached color in F2, as well as the grain densities of the
cores, i.e., close to gypsum in F2 and similar to calcite in F3. The XRF also shows that the
proportion of Fe is similar in the matrix of both cores. Therefore, the higher magnetization
of F2 cannot be simply explained by a higher concentration in magnetic minerals,
supporting again the hydrothermal alteration hypothesis. Future studies focusing on
alteration textures and specifically orange and green (oxidation?) colors within the cores
could possibly reveal important constraints on the physico-chemical properties of the
hydrothermal fluids at Haughton, and possibly also on the temperature of the impact melt
rocks. A detailed microscopic study is ongoing (Marion et al. 2016a, 2016b), and should
give more insights on the alteration, hydrothermal and melt phases at Haughton.
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3.1.4.2

Geophysics

The paleomagnetic inclination recorded in the cores (I = 72° for F2 and I = 77° for F3,
Table 6) is similar to the inclination recorded in clasts sampled in the impact melt rocks at
the surface (I = 71°; Quesnel et al. 2013). The average total magnetization (induced plus
remanent) in core F2 is higher than in core F3 and samples from the surface: the average
signal of F2 remains around five times above F3 (Tables 6 and 7), even when there is no
local magnetic high due to mafic clasts (Fig. 3.6). This higher magnetization could be a
TRM acquired during cooling of the impact melt rocks or a CRM acquired during
hydrothermal activity by crystallization of new magnetic minerals. This brings the
following question: why aren't some mafic clasts associated with a high, positive magnetic
maximum when others of identical aspect are? (Fig. 3.6) It is also interesting to note that
mafic clasts such as those in F2 have not been observed macroscopically in F3.
The AF demagnetization data from both cores evidence a single-component of
magnetization (Fig. 3.9), indicating that the whole-rock (including clasts) has been
remagnetized through a unique process. For the core F2G1–H3, MDFARM (23 mT in
average) indicates that the magnetic mineralogy is dominated by PSD magnetite. In F3,
MDFARM is slightly higher (31 mT in average), indicating that the PSD magnetite grains
are closer to SD grains (Dunlop 1973, 1981). The variations of MDFNRM through the core
F2G1–H3 (Fig. 3.8) are similar to MDFARM, with a better defined “stable” zone in G1–G6.
However, the MDFNRM is higher in F2 (also 23 mT in average) compared to F3 (9 mT in
average), an opposite trend to MDFARM. This suggests either that the magnetizing processes
responsible for the NRMs of F3 and F2 were different, as F3 possesses a magnetization
that was “easier” to remove than F2, or that it corresponds to the same magnetizing process
but with a lower efficiency (e.g., different acquisition temperature in F3).
Thermomagnetic curves (Supplementary Material, Fig. 3.15) confirm that the magnetic
mineralogy is dominated by magnetite, with sometimes slightly substituted titanomagnetites (500°C < Tc< 580°C), consistent with the EPMA and XRF studies. Supporting
evidence is brought by the hysteresis properties (Supplementary Material, Table 11 and
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Fig. 3.16): the shapes of the hysteresis loops as well as the ratios are typical of SD-PSD
magnetite grains (Dunlop and Özdemir 1997). This small magnetic grain size may be a
result of the porous texture observed in the recrystallized magnetites of the rim, and/or to
the small magnetite crystals they are associated with. Such a texture has also been found
to be characteristic of a hydrothermal origin for magnetites (Dunlop and Özdemir 1997).
Additionally, samples of impact melt rocks from surface outcrops have weaker saturation
magnetizations (Ms) than samples from the drill cores (Supplementary Material, Table 11),
indicating an increase in magnetization within the central uplift. This could be due to
recrystallization of new magnetic minerals through hydrothermal processes, and/or to a
higher concentration of basement clasts in the central uplift. For example, our VSM
measurements show that only 2% of mafic clasts are needed in order to account for the Ms
in F2. However, Redeker and Stöffler (1988) did not notice a significant change in the
modal proportion of basement clasts with radial range in the crater, therefore supporting
the hydrothermal hypothesis in this case.

3.1.4.3

Geological interpretation

Despite the relatively recent age of the impact at Haughton, this study shows that
successive geological processes (central uplift, formation of melt sheet, hydrothermal
alteration, erosion and sedimentation) have contributed to the observed geophysical
anomalies. The impact-related high pressures may be responsible for SRM and/or TRM
acquisition in the subsequently shocked or melted target rocks (Fig. 3.10a and b). In
response to the impact, many of these target rocks became more porous (Singleton et al.
2011). Therefore we propose that a highly porous core of basement material was uplifted
and later altered by hot, impact-induced hydrothermal fluids (Fig. 3.10c.i). At this stage, a
CRM can be imparted to the rocks and eventually replace the previous SRM/TRM
magnetizations. The CRM can enhance the magnetization through leaching of primary FeTi oxides from basement clasts and re-precipitation of peculiar porous magnetites as rims
and eventually within the impact melt rock matrix.
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Possibly several millions of years later, this core of uplifted, altered basement rocks was
exposed to the surface and eroded (Fig. 3.10c.ii). Then, post-impact sedimentary processes,
in a fluvial or glacial/periglacial environment, concentrated the eroded materials. The near
surface (< 10 m depth) part of the magnetized source (corresponding to the high magnetic
field gradient recorded on surface and to the measured resistivity low, as well as the top
magnetic prisms proposed by Quesnel et al. (2013) corresponds perfectly to an epigenetic
sand/gravel placer deposit of highly magnetic (≥ 2.3 A m-1) basement clasts (references
about placer deposits can be found in Jébrak and Marcoux, 2008). No drill core was
recovered at this depth but only cuttings and rock fragments with abundant mud. In fact,
geological formations with a high conductivity are often highly porous and saturated with
water. It can be described in a simplified model of moraine material concentrated below a
wet-base ice-sheet, in which the flowing water would progressively dissolve the gypsum
of a hydrothermal pipe to create a topographic low in which denser material such as mafic
clasts and magnetite grains can accumulate, thus forming “an anomaly at the top of the
anomaly” (Fig. 3.10c.iii). The NRM directions in the quaternary gravel and sand layer
should be randomized by sedimentation, besides a post deposition VRM component. So
the total magnetization of that layer is only induced magnetization plus an eventual VRM.
The possibility for enhanced VRM could be linked to the concentration of coarse size
multidomain magnetite with respect to the bedrock.
The observed differences between F2 and F3 and the fact that F3 is still more magnetic
than rocks farther from the crater center could be explained by different degrees or types
of hydrothermal alteration, or more simply because of the proximity of F3 to the F2
hydrothermal zone, which would have consequently remagnetized F3 without obvious
alteration signs (e.g., gypsum veins, zoning). This localized alteration process (Fig.
3.10c.iii) could however explain the high magnetization gradient and other differences in
physical properties between F2 and F3 rocks, despite their location proximity. The deeper
(~20 m–1 km depth) and main source of the positive magnetic field anomaly is still
unknown, but could possibly be explained by a core of uplifted basement rocks
hydrothermally remagnetized at ≥ 1.5 A m-1.
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Figure 3.10. Simplified model explaining the different pre-, syn-, and post-impact
geological processes believed to be responsible for the observed geophysical
anomalies at the center of the Haughton impact structure. The photomicrographs
show a pre-impact anhedral Fe-oxide mineral (left) and syn-impact euhedral
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skeletal magnetites (right), both within basement clasts. Those minerals may have
preserved shock-induced remanent magnetizations (SRM) or thermoremanent
magnetizations (TRM). However, most clasts are remagnetized by post-impact
hydrothermal processes (c.i) and therefore carry a chemical remanent
magnetization (CRM). Erosion (c.ii) and subsequent sedimentary concentration
over a hydrothermal pipe (c.iii) are finally responsible for subsurface geophysical
(electrical + magnetic) anomalies, while the core of uplifted and altered basement
rocks is the main body responsible for the magnetic and gravity anomalies over the
impact structure. The indicated total magnetization values are based on measured
data (0.2 A m-1 for F2) and on the model of Quesnel et al. (2013).

3.1.5

Conclusions

This study includes the description of several new physical features which have never been
described before at Haughton, such as hydrothermally-altered impact breccias and a lowresistivity anomaly coupled to a high magnetic field gradient near the surface. Magnetic
measurements coupled to petrographic observations indicate that hydrothermal alteration
is responsible for enhancing the magnetic signal of the impact melt rocks by crystallization
of magnetic minerals (magnetite), leading to increased magnetic susceptibility, and
possible acquisition of CRM. However, the total magnetization of the recovered rocks is
lower by a factor of eight than the magnetization of the deep source necessary to account
for the magnetic field anomaly. Near surface geophysical anomalies which superimpose to
the main magnetic field anomaly are due to post-impact, epigenetic processes such as
sedimentation and concentration of magnetic grains on top of the main magnetic source
body.
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3.2 Supporting information
This part gives additional details mentioned in the §3.1.

Figure 3.11. Solid material recovered in the drill holes F1, F2 and F3. Drill cores are
only G, H, I in F2 and E, F, G in F3. The rest is cuttings. However, most samples
from drill hole F1 are reworked and where not suitable for the present study. S
means surface. The vertical depth is in meters.
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3.2.1

Electrical resistivity imaging

For the location of ERI profiles, refer to Figure 3.2 in the main text.
The low-resistivity horizontal zone (LRHZ) is typical of the active layer of the cryosol
where meteoric waters infiltrate, leading to a higher conductivity in the ground. It is a part
of the supra-permafrost that freezes in winter and thaws during summer (i.e., seasonallyfrozen ground; French 2007). The shift between the topographic lows and the zones where
the LRHZ extends downward is likely due to the dip of fractures also observed on the
ground during fieldwork and attributed to borders of ice-wedge polygons. The electrical
properties of the cryosol strongly depend on ice-content as well as on the type of ice
(French 2007). Therefore, electrical resistivity models in a same location can be completely
different depending on the season (i.e., due to water and ice content). More contrasts are
detected in summer when some parts of the soil thaws while others remain frozen.
Concerning the high-resistivity zone (HRZ), such high resistivity values can only
correspond to ice within the permafrost.
ERI01
SW

NE

Figure 3.12. Electrical resistivity imaging (ERI) profiles.
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ERI02
NW

SE

ERI03
NW

SE

ERI04
NW

SE

Figure 3.12. (continued) Electrical resistivity imaging (ERI) profiles.
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ERI05
NW

SE

ERI06
NW

SE

ERI07
NW

SE

Figure 3.12. (continued) Electrical resistivity imaging (ERI) profiles.
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ERI08
SW

NE

ERI09
SW

NE

ERI10
W

E

Figure 3.12. (continued) Electrical resistivity imaging (ERI) profiles.
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3.2.2

Petrography of the drill cores: additional details

The whole-rock texture can sometimes be described as “clastic” in coarse-grained areas
(Figs. 3.5a, b), but it is likely that this variation is due to alteration and replacement of the
initial impact melt matrix in coarse-grained zones where the primary porosity was higher.

3.2.2.1

Mafic clasts (MC)

Mafic clasts are black, dark-grey or dark-brown, with occasional visible white or grey
minerals inside. These clasts are some of the smaller (< 1 mm to ~1 cm maximum) found
in the cores and represent a low percentage (0.1 %–8 % with a 2.2 % average). They are
most often angular and have a roundness/sphericity ratio of 0.5/0.4. The biggest clasts are
found in the coarse-grained zones (Fig. 3.5a) but very small (< 1 mm) black grains are also
disseminated in the fine-grained zones (Fig. 3.5c). Some brown clasts have a “melted”
aspect and show many inclusions of other clasts/minerals. Surprisingly, mafic clasts have
not been observed macroscopically in F3.

3.2.2.2

Metagranite and gneiss clasts (GG)

These are clasts from the crystalline basement. They are white or yellowish and are mostly
composed of biotite, quartz, feldspars, minor zircon and ilmenite with apatite inclusions.
Metagranite and gneiss clasts are even fewer than mafic clasts, but of larger size (~2 mm
to ~5 cm). Therefore, their average proportion is lower but they can locally represent high
percentages (0 %–15 % with a 2 % average). They are sub-angular and have a
roundness/sphericity ratio of 0.6/0.3. They often show fluidal textures as well as deformed
foliation. Sometimes, a pinkish color is observed in the matrix surrounding these clasts.

3.2.2.3

Vitric clasts (VC)

Vitric clasts are translucent and can be easily confused with intergranular gypsum (Fig.
3.5a). However, it is not possible to scratch them with a fingernail. They are small (< 2
mm) and represent low proportions (0 %–3 % with a 1.16 % average). They are sub-angular
and have a roundness/sphericity ratio of 0.4/0.7.
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3.2.2.4

Veins

They are found in G1, G7, H7 and I1 within coarse-grained zones (e.g., Fig. 3.5b, label 1).
The gypsum forming the veins is transparent and colorless. The veins crosscut the breccia
obliquely, with relative angles of ~70° (G1), ~120° (G7), ~45° (H7) and ~90° (I1) to the
vertical axis of the drilling. Small inclusions (~5 mm) of white rock matrix can be found
close to the borders of the veins. These inclusions can contain microscopic black grains
that are not found inside the gypsum veins, only in the rock matrix. The fractures often
involve a simple, straight opening (e.g., G1, 876.5 cm; Fig. 3.6) but sometimes show a
sigmoid shape or “pull-apart” opening (e.g., G7, 953 cm; Fig. 3.6). In the areas where the
veins are found, most of the carbonate clasts are light green and sometimes orange (Fig.
3.5f). In those areas, very little white matrix is found and most of the grains are enclosed
by intergranular gypsum. These zones are also associated with the strongly zoned clasts
(Figs. 3.5b, e, 3.6).

3.2.2.5

Alteration colors

The observed alteration colors – green and orange – are often associated but not always.
Three main types of alteration colors have been distinguished in clasts, independently of
grain size (Fig. 3.5f): (1) simple alteration colors encompasses the entire clast and is either
green or orange ( 3.5f, examples A and B), (2) circular symmetric alteration colors is
characterized by colored concentric zones within a clast. For example, some clasts have an
orange core associated with a green external zone (c), whereas others have only green and
dark zones (d), and (3) complex alteration colors are irregular, following dark asymmetric
zones or lineations (e, f). Other types have been identified, such as the “bicolor” type (g)
or the “diffuse” type (h).
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Table 8. Estimated petrographic characteristics of the coresa.
Largest clast size (cm)
Core sample

r/s

S (φ unit) AGS (cm)
and nature

a

F2G1

0.5/0.7

2

1.2

1.8 [grey carbonate]

F2G2

0.5/0.7

2

0.7

0.9 [grey carbonate]

F2G3

0.5/0.7

2

0.8

1.0 [zoned carbonate]

F2G4

0.4/0.6

2

0.4

0.5 [zoned grey carbonate]

F2G5

0.5/0.6

2

0.6

0.7 [carbonate]

F2G6

0.3/0.4

2

0.8

1.3 [green carbonate]

F2G7a

0.6/0.7

0.6

1.1

1.3 [partially melted green carbonate]

F2G7b

0.3/0.5

0.6

1.2

1.7 [zoned carbonate]

F2G7c

0.5/0.7

0.8

2.4

5 [partially melted gneiss]

F2G8a

0.5/0.8

2

0.6

0.9 [carbonate]

F2G8b

0.5/0.7

0.8

0.9

1.5 [oxidized carbonate]

F2G9

0.8/0.7

0.8

0.8

0.9 [zoned green carbonate]

F2G10

0.6/0.7

0.8

1.2

1.4 [granite]

F2H1

0.5/0.7

0.4

0.4

0.6 [carbonate]

F2H2

0.3/0.5

0.6

0.7

1 [gneiss]

F2H3

0.4/0.4

2

2.6

5.5 [carbonate]

F2 mean

0.5/0.6

1.3

1.0

5.5 [carbonate]

F3 mean

0.3/0.5

0.6

0.7

2 [carbonate]

The roundness/sphericity ratio (r/s) and sorting index of clasts (S) are estimated visually based respectively on Krumbein and Sloss

(1956) and Stow (2006, modified after Compton, 1962). The average grain size (AGS) of a core sample is calculated based on the
measure of the major axis of the five largest clasts.
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Table 9. Estimated components volume percentages of core F2 compared to core
F3a.
Core
sample

Matrix (%)
Lithology

G1

G

Mx CC VC MC GG

CC

VC MC GG

g

o

0.4

59

23

2

0.6

0

14.6

0

0.4

0

1

2

4

0.5

0.2

0

6.9

0

0.1

0

0.4

2
2

G2

Fine-

0.3

88

G3

grained

0.3

90

3.5 0.7

0.5

0

4.4

0

0.6

0

0.2

G4

IMR

0

93

1.7

0.3

0

1.7

0

0.3

0

0.1 0.3

0

95

0.7 0.2

0.1

0

4

0

0

0

0.2 0.6

0

87

1.6 0.8

0.6

0

8.8

1

0.2

0

1

0.5

15

10

1.6

0.4

0

65

1

2

2

4

1

12

5

2.2 0.3

0.3

0.2

67

0

8

5

7

3

15

7

2.5

0

0.3

0.2

59.6

0

0.4

15

10

0.5

0.2

90

2

2.8

2

0

3

0

0

0

1

0.3

10

20

27

0.5

2

0.5

35

0

4

1

3

4

12

18

37

0.7

2

0.3

29

0

1

0

2

2

5

10

12

1

2

0

64

0

2

0

4

1

G5
G6
G7a
G7b
G7c
G8a
G8b
G9
G10

Coarsegrained
IMR
Finegrained
IMR
Coarsegrained
IMR

3

3

H1

Coarse-

0

89

4

0.5

0.5

0

6

0

0

0

0.5

3

H2

grained

5

8

16

0

1

0

64

1

3

2

9

0.3

H3

IMR

9

10

11

0

2

0

60

1

5

2

7

0.3

5

49

10

1

1

0.1

31

0.2

2

2

3

1

0

70

10

0

0

0.1

15

0

2

3

0

0

Mean
F2
Mean
F3
aG

Components (%)

= gypsum, mx = microscopic phases (microcrist./melt.), CC = carbonate clasts, VC = vitric clasts, MC = mafic clasts, GG =

granite-gneissic clasts, g = green oxidation, o = orange oxidation. The two types of oxidation are included in the CC proportion.
These macroscopic, visual estimations are based on the charts of Folk (1951) and (Reid 1985). IMR = Impact Melt Rock.
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Table 10. Metric characteristics, density and porosity of the samplesa.

Sample
F2G1
F2G7
F2G8
F2H3
F2H4
F2H11
F2I1
F2I6
F3E1A
F3E1B
40-7
Mean
Mean
F2
Mean
F3 and
surface
am

Lithology
(IMR)
Fine
Coarse
Fine
Coarse
Fine
Fine
Coarse
Coarse
Fine
Fine
Fine

m

d

r

(g)
18.03
20.86
17.70
18.48
18.51
16.96
18.69
17.32
17.10
17.01

(cm)
2.44
2.46
2.46
2.44
2.40
2.46
2.45
2.46
2.44
2.45

(cm)
1.22
1.23
1.23
1.22
1.20
1.23
1.23
1.23
1.22
1.23

H
(cm)

V
(cm3)

Vs
(cm3)

Vp
(cm3)

BD

GD

ɸ

2.17
2.24
2.25
2.28
2.26
2.27
2.23
2.19
2.20
1.98

10.00
10.65
10.53
10.66
9.97
10.79
10.51
10.41
10.29
9.06

7.49
8.26
7.31
7.31
7.87
7.06
7.82
7.10
6.36
6.28
2.97
6.89

2.50
2.39
3.22
3.35
2.09
3.73
2.69
3.31
3.92
2.78

1.80
1.96
1.68
1.73
1.86
1.57
1.78
1.66
1.66
1.88

0.25
0.22
0.31
0.31
0.21
0.35
0.26
0.32
0.38
0.31

3.00

1.76

2.41
2.53
2.42
2.53
2.35
2.40
2.39
2.44
2.69
2.71
2.70
2.51

7.53

2.91

1.76

2.43

0.28

5.20

3.35

1.77

2.70

0.34

0.29

= mass, d = diameter of the cylinder, r = radius of the cylinder, H = height of the cylinder, V = volume of the cylinder, Vs = solid

volume, Vp = volume of the pores, BD = bulk density, GD = grain (or particle) density, ɸ = porosity. The mean for F3 is grouped with the
surface sample 40-7 because it is the same lithology. IMR = Impact Melt Rock.
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Table 11. Hysteresis parameters and remanence acquisition curves.
Sample
F2G5
F2G7

Hcr

Mrs

Ms

Mrs/
Ms

Hcr/Hc

0.147 13.7

27.2

10.1

53.1

0.19

1.98

IMR with
0.184 10.5
gypsum

26.0

2.11

19.1

0.11

2.46

Lithology Mass
IMR

Hc

F2G8

IMR

0.154 14.1

25.9

11.5

50.5

0.23

1.84

F2H3

Gray
clast in
IMR
matrix

0.134 13.8

31.6

79.1

538

0.15

2.29

F2H4

IMR

0.180 15.8

30.1

17.7

81.7

0.22

1.90

F2H11

IMR

0.131 15.8

30.8

6.67

35.3

0.19

1.95

F2I1

IMR

0.17

14.6

26.5

5.14

26.0

0.20

1.81

0.168 15.3

22.5

844

2.71

0.31

1.47

0.147 15.8

28.6

16.2

74.6

0.22

1.81

F2I6A
F2I6B

Black
clast
White
IMR
matrix

F3G1

IMR

0.206 18.92 38.83 24.9

146

0.17

2.05

F3G2

IMR

0.324 16.08 35.35 25.6

161

0.16

2.20

F3Cfond

IMR

0.175 18.23 39.49 21.5

134

0.16

2.17

F3B-Haut

IMR

0.119 26.2 57.73 12.96

42

0.31

2.20

813

IMR

0.321
18.85 43.34 5.33
5

33.5

0.19

2.30

814

IMR

0.521 18.0 40.34 8.57

44.3

0.19

2.24

Mrs and Ms are in mA m²

kg-1.

Hc and Hcr are in mT. Mass is in g. IMR = Impact Melt Rock.

184

Major oxides
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Fe2O3

Minor and trace elements

2500
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Ce
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Th Mo Nb
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Figure 3.13. Average composition of major oxides, minor and trace elements in the
matrix of the cores F2 and F3, obtained from portable XRF measurements.
The results show that F2 and F3 have similar contents in Fe and Ti, however F2 is
enriched in SO3, SiO2, MgO and slightly in Ba, while F3 is enriched in Ca and Sr,
relatively. It has to be noted that the instrument was not calibrated to measure Mg,
so the error on MgO might not be negligible.
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Figure 3.14. Customized light drilling system.
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Figure 3.15. Thermomagnetic curves performed on samples from drill cores F2 and
F3.
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Figure 3.16. Coercivity spectra and hysteresis loops of additional samples (not
included in Table 11). Sample 813C is a grey impact melt rock from the surface,
which has a similar aspect to the F3 drill core. Hysteresis loops corrected from high
field slope above 0.7 T. Dominant paramagnetism explains the deformed loops for
the weakest sample F2G6bas.
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Chapter 4
Paleomagnetism

Paleomagnetic sampling of an impact melt dyke at the Tunnunik impact structure
(Canadian arctic). Shatter cones are visible in the target rocks (Stripy Unit).
Photography © W. Zylberman
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4

Paleomagnetism of impact structures

This chapter is a draft of a scientific paper which will be submitted in 2018 to a peerreviewed journal.

4.1 Paleomagnetic dating: an application to the controversial
case of the Clearwater Lake impact structures, Canada
4.1.1

Introduction

Today on planet Earth, it is estimated that only about 20 out of the 190 known impact
structures have an accurate and precise age (Jourdan 2012). In fact, precisely dating
impacts is an important factor in order to estimate the frequency of large impacts and so to
improve risk assessment (Johnson and Bowling 2014). If impacts would be more accurately
dated, the gain for understanding geological and biological processes at the surface of the
Earth would be immense, because impacts can trigger fundamental positive and negative
environmental effects such as biological mass extinctions, climate change, and ore genesis.
In addition, a variety of geological and physical processes linked to hypervelocity impacts
of solid bodies with the Earth’s surface are still incompletely understood. For instance, the
shock-induced natural remanent magnetization (SRM) (e.g., Halls 1979, Gattacceca et al.
2008) has never been truly observed within a natural impact crater site on Earth, and is still
a debated topic within the scientific community. Measuring the natural remanent
magnetization (NRM) of impactites has implications for our understanding of impact
cratering processes, of the high-pressure effects in rocks and materials (Gattacceca et al.
2007), and in interpreting properly the magnetic anomalies of impact structures.
The juxtaposed West and East Clearwater Lakes in Québec (Canada) are two mid-size
complex impact structures with ≥ 36 and ~26 km diameters, respectively (Fig. 4.1).
Because of their proximity, they were historically viewed as a typical impact crater doublet
(Dence et al. 1965). The West structure, intermediately eroded, exhibits a ring of islands
(Fig. 4.1) in which impact melt rocks are present in the form of cliffs. Possibly, the original
diameters of the two structures were a lot larger than the often cited estimates, especially
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for the West structure which shows a circular outer damage “halo” on satellite images (Fig.
4.1a, better visible on Fig. 4.1b) (Grieve 2006). More recent work indeed proposed a
revised outer limit of ~65 km for the external deformation zone around the western lake
(Kerrigan et al. 2013), which would then extend into the East structure (Schmieder et al.
2015).

Figure 4.1. Remote sensing of the Clearwater Lake impact structures. A) Satellite
image showing the larger West Clearwater impact structure with its frozen crater
lake, and the smaller juxtaposed East structure. Image is from Landsat Operational
Land Imager (OLI)/Thermal Infrared Sensor (TIRS) and USGS. B) Color-coded
digital elevation model (DEM) generated from 1:50,000 Canadian Digital Elevation
Data (CDED) provided by GeoBase Canada. (Schmieder et al. 2015).
The East structure, by comparison, is less well preserved and somewhat less circular (Fig.
4.1). The two structures also possess different bathymetric profiles (Plante et al. 1990). The
geological characteristics of the East structure are only known from drilling realized into
the lake in 1963 and 1964 (Fig. 4.2) (Dence et al. 1965). Those were among the first
attempts in Canada to obtain diamond drill cores from ice-covered deep lakes (Dence, Pers.
Comm. 2016). The two drill cores 1-64 and 2-63 led to the discovery of a central uplift and
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an impact breccia lens buried below post-impact sediments (e.g., Dence et al. 1965; Dence
1965).
Both Clearwater Lake impact structures lie in ~2.6–2.8 Ga Archean basement rocks of the
Bienville Subprovince of the Superior Province within the Canadian Shield (e.g., Grieve
2006). It includes tonalites, gneisses, amphibolites, granodiorites and quartz-monzonites,
some of which have been metamorphosed up to the amphibolite and granulite facies (e.g.,
Simonds et al. 1978). These metamorphic rocks are covered by Middle to Upper
Ordovician carbonates, and crosscut by both metamorphosed and unmetamorphosed
diabase dykes of possibly Proterozoic age (e.g., Plante et al. 1990). Pleistocene post-impact
deposits define a stratigraphic upper limit for the age of the West Clearwater impact.
However, the age of the thick layer of post-impact sediments at the East structure is still
uncertain today (Schmieder et al. 2015). The impact melt layer at Clearwater West also
contains unusual clasts of the Middle-Upper Ordovician carbonates, which constitute a rare
occurrence of carbonate metamorphosed in the sanidinite facies of contact metamorphism,
and possibly the only example known from impact (Rosa and Martin 2010).

4.1.1.1

Magnetic field anomalies

Magnetic field anomalies have been associated to the two craters (Fig. 4.2). Both structures
are characterized by high-amplitude irregular aeromagnetic lows, with the central uplifts
of both structures corresponding to the highest amplitude magnetic lows (< -500 nT with a
local minimum near -1000 nT), while the rims have variable magnetic intensity, locally >
500 nT. Combining this data with petrography and magnetic measurements on drill cores,
forward magnetic modeling indicated that the effect of shock must have been a major
contributor to the reduction in magnetic intensity, but that additional factors must also
contribute to the negative magnetic field anomaly (Scott et al. 1997). In fact, shock can
reduce the induced magnetization (i.e., susceptibility) and the NRM intensity (impact
demagnetization), both effects possibly leading to weakened magnetic relief of impact
structures (e.g., Gattacceca et al. 2010).
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Figure 4.2. Location of some of the drill holes realized in 1963 and 1964 in the two
Clearwater Lakes, superimposed on a magnetic field anomaly map.
(Scott et al. 1997).

4.1.1.2

Paleomagnetic study

Scott et al. (1997) studied the NRMs of rocks obtained from drill cores of both structures.
At the East Lake, drilling 2-63 penetrated well-bedded post-impact sediments and a layer
of fine-grained dark impact melt rocks. Drilling 1-64 penetrated more diverse lithologies,
including laminated sediments, granitic rocks, diabase, and a few impact melt rocks and
breccias. At the West Lake, drilling 1-63 penetrated quartz-monzodiorite, granites and
granitic gneisses (Dence 2016, Pers. Comm.; Scott et al. 1997). Because there was no
constraint on drill core rotation during the drilling operations, only the inclination of the
NRM is meaningful in this data. Unfortunately, in the case of drill hole 2-63 in the East
Lake, the inclination could not be controlled properly since considerable difficulty was
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experienced in keeping the hole vertical. Sedimentary bedding indicated a deviation of
about 12° at the top of the recovered core, which increased steadily to 30° off vertical at
the bottom of the recovered sedimentary rock core: thus, there is no constraint on deviation
deeper in the other lithologies. The other drill holes, however, were vertical (Dence 2016,
Pers. Comm.).
The results in the vertical cores (drillings 1-63 and 1-64 studied by Scott et al. 1997)
indicated shallow NRMs inclinations in the West structure and normal NRMs inclinations
with more variable intensities in the East one, including a variation from ~30° at the top of
hole 1-64 to nearly vertical inclinations at the bottom. Both AF and thermal
demagnetization indicated that a very stable single component remanence carried by
magnetite is preserved at Clearwater West. In contrast, two components are present in
Clearwater East impactites: a first component removed by ~350°C and 15 mT is interpreted
as a VRM, and a second component stable at high-temperature (350-550°C) and high AF
field (15-60 mT) with a horizontal to shallow upward inclination is interpreted as the
impact-generated ChRM. Thermal demagnetization indicated that both pyrrhotite (Tc ≈ 320
°C) and magnetite (Tc ≈ 580 °C) are present. Notably, the magnetic mineralogy has been
confirmed by optical petrography (Scott et al. 1997). These authors interpreted the stable
characteristic components with negative inclinations found in both structures as indicative
of a Permian age for both impacts, therefore supporting the impact doublet theory (Dence
et al. 1965).
However, Schmieder et al. (2015) noted that it seems contradictory for such a double
impact to leave a distinct shallow (NRM) magnetic signature in the melt sheet of the West
structure but not in the East Clearwater melt sheet. In fact, Scott et al. (1997) found no
apparent correlation between NRM parameters and lithological changes in the drill cores.
This point particularly is unclear in the data of Scott et al. (1997), and it seems that
relatively few samples of impact melt rocks have been analyzed. For example, no diagram
is shown specifically for the melt rock lithology.
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If the shallow inclination NRM results for the West structure are compatible with the ±24°
reference inclination for the Clearwater region in the Early Permian, it is not the case for
the widely dispersed and mostly normal NRMs inclinations of the East structure (Fig. 4.3)
(Schmieder et al. 2015). However, Scott et al. (1997) reminds that in all 10 samples
demagnetized at the East Lake, the paleomagnetic directions switch from normal to a
reverse shallow direction which is compatible with the Permian age.

Figure 4.3. Natural Remanent Magnetization (NRM) directions of the two
Clearwater Lake impact structures plotted on stereograms. Note that due to
unoriented drill cores, only the inclinations are to be considered. Data is from Scott
et al. (1997). NRMs for the West structure are similar to the characteristic remanent
magnetization (ChRM) revealed by thermal demagnetization, while the NRM data
for the East structure mask a shallow primary magnetization. (In Schmieder et al.
2015).
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Schmieder et al. (2015) interpreted the differences in the NRMs of both structures as an
evidence against the double impact theory, and considered the single component
magnetization coupled to a magnetite-dominated magnetic mineralogy at the West
structure as characteristic features of this Permian impact structure, while the more
complex and different magnetic mineralogy and paleomagnetic characteristics of the East
structure seemed indicative of a separate, longer history of alteration and mineralization
(Schmieder et al. 2015).

4.1.1.3

Radiometric dating

Several isotopic methods have been applied to date both Clearwater structures. The
proposed synchronicity of the two impact events entirely relies on only one single Rb-Sr
mineral isochron age of 287 Ma for the East structure (Reimold et al. 1981). These Rb-Sr
data have been re-evaluated as statistically non-robust by Schmieder et al. (2015), who
argue, based on several examples at different impact sites, that the Rb-Sr method is
imprecise and possibly inaccurate when applied to impact rocks. In the present case, the
West Clearwater impact could have thermally overprinted and partially reset the Rb-Sr
system of the East Lake (Schmieder et al. 2015). 40Ar/39Ar dating of melt rocks from the
East structure yielded older apparent ages ≥ 460 Ma (Bottomley et al. 1990), a result
reproduced by Schmieder et al. who found ages of ~460-470 Ma for two samples of altered
impact melt rocks of the East structure.
By comparison, the age of the West structure is not controversial, and several different
radiometric methods reveal similar results (K-Ar: 285 ± 30 Ma, Wanless et al. 1966; 300
± 30 Ma, Bostock 1968; Rb-Sr: 266 ± 15 Ma, Reimold et al. 1981; 40Ar/39Ar: 280 ± 2 Ma,
Bottomley et al. 1990; (U–Th)/He: 280 ± 12 Ma, Biren et al. 2013; 40Ar/39Ar: 286.2 ± 2.2,
Schmieder et al. 2015).
Here, we measure new samples from the Clearwater Lake impact structures in order to
bring constraints on their ages.
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4.1.2

Methods

75 oriented drill cores (diameter 2.5 cm) of impact melt rocks and breccias (37), granites
(32), granodiorites (3) and gabbros (3) were sampled within and around the West
Clearwater Lake complex impact structure by Western University student Adam B.
Coulter, as part of a 2015 field campaign by a team of the CPSX (Fig. 4.4). The
paleomagnetic cores were drilled at the surface using a portable lightweight rock core drill.
Core dip angle and azimuth were measured using an associated core orienting fixture. No
sun compass corrections were applied. Cores drilled in the field were then shipped to
Cerege (France) where they were cut into cylinders (~2.5 × 2.2 cm) and measured with a
cryogenic SQUID magnetometer. Alternating-field (AF) demagnetization was performed
up to 110 mT and thermal demagnetization up to 650 °C on pilot samples. However, AF
proved more efficient and so was selected for the routine demagnetization of the rest of the
samples.
Concerning the East Clearwater Lake structure, drill cores 1-64 and 2-63 were accessed in
2016 in the Ottawa drill core storage, thanks to Dr. Richard Grieve. Core samples were
then transported to Western University in London (Ontario) where they were re-drilled and
cut into small cylinders (~1.3 × 1.4 cm). The specimens were measured at the University
of Windsor laboratory with a cryogenic SQUID magnetometer, under supervision of Dr.
Maria Cioppa and Dr. David Symons. AF demagnetization was performed up to 120 mT
in some instances but many samples lost all their signal by 50 mT. Thermal
demagnetization was performed up to 575 °C. Of the two drill cores recovered in the East
Lake, only the one from drilling 1-64 could be used for paleomagnetic purposes, because
the drilling was vertical. The ≥ 30° deviation from vertical in the case of drilling 2-63,
coupled with uncertainty in declination, made it virtually impossible to resolve a
paleomagnetic direction. This is very unfortunate, because most impact melt rocks have
been obtained from core 2-63. Further problems were encountered during sample
preparation, as several samples were not very much consolidated and broke during
preparation, leading to a low number of measurable samples (especially sediments and
breccias) at the East structure.
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Following

recommendations

from

Butler

(1992),

the

characteristic

remanent

magnetization (ChRM) directions (high-temperature or high-coercivity components) were
averaged when more than one specimen was obtained from a same core sample, giving
“sample-mean” ChRMs. We used Fisher-statistics in averaging (Fisher 1953). Then,
considering a single geographical site (e.g., the West Clearwater Lake centered at N56°13’
and W74°30’), sample-mean ChRMs’, were averaged to obtain site-mean ChRMs: for
example, 33 sample-mean ChRMs of “impact melt rocks and breccias” were averaged to
give a single site-mean ChRM (Table 13), etc.

Figure 4.4. Location of the 75 paleomagnetic core samples taken at the West
Clearwater Lake impact structure during a 2014 field season. Geographic
coordinates indicate the geometric center of the structure. Background is a Landsat
/ Copernicus satellite image (© 2017 Digital Globe) from Google Earth.
An MFK1 susceptibility meter with CS3 furnace from AGICO was used to determine the
magnetic mineralogy with thermomagnetic (K-T) curves.
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4.1.3

Results

4.1.3.1
4.1.3.1.1

West Clearwater Lake impact structure
Demagnetization data

Alternating-field (AF) demagnetization data are visualized on orthogonal projection plots
(Zijderveld diagrams) (Fig. 4.5). Impact melt rocks and breccias almost all gave a welldefined, single component paleomagnetic direction (e.g., sample #69, Fig. 4.5). All granite
samples located at the geometrical center of the structure (“central islands”, see Fig. 4.4
for location of samples) gave a similar result (e.g., sample #11, Fig. 4.5), as well as those
located on the central ring of islands (“island ring”, e.g., samples #4 and #6, Fig. 4.5). Some
granite samples located at the western rim are also showing mostly unidirectional
demagnetization paths (e.g., samples #54 and #56, Fig. 4.5).
However, granodiorite (e.g., sample #16, Fig. 4.5) and gabbro (e.g., sample #20, Fig. 4.5)
lithologies located on the central islands show two-component zijderveld diagrams. This is
also the case for some granite samples located at the east rim of the structure (e.g., sample
#63, Fig. 4.5). Granite samples located at the west rim sometimes show chaotic,
multidirectional demagnetization paths (e.g., samples #51, #53, #60, #61, #62, not shown
on Fig. 4.5).
Notably, granites of the crater rim (e.g., samples #54 and #56) seem to have more lowcoercivity magnetic minerals than those located at the center (e.g., sample #11) and island
ring (e.g., samples #4 and #6), which still preserved a part of their magnetization after AF
demagnetization up to 110 mT (Fig. 4.5). Interestingly, the granite at the center preserved
nearly 50 % of its initial NRM after demagnetization up to 110 mT, while granites at the
island ring preserved only about 20 %, whereas the ones at the crater rim have been almost
completely demagnetized by 110 mT (Fig. 4.6).
Could there be a magnetic mineralogy zonation within the basement of the structure from
higher-coercivity grains in the center to lower-coercivity grains at the rim?
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Figure 4.5. Orthogonal projection plots (Zijderveld diagrams) of stepwise
alternating-field (AF) demagnetization data for different lithologies at different
locations in the West Clearwater Lake impact structure. Basement samples with a
red frame are considered fully remagnetized by the impact (see text after), as they
have preserved only a single component ChRM similar to the site-mean ChRM of
impact melt rocks (IMR, green in Fig. 4.7). This does not include the granodiorite,
gabbro and granite at East rim which preserved also a low-coercivity component of
different direction. See location of samples on Fig. 4.4. For unbiased comparison, all
samples shown have been submitted to the same AF demagnetization procedure up
to 110 mT.
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Figure 4.6. Normalized alternating-field (AF) demagnetization curves showing
increasing coercivity in granites from the West Clearwater Lake impact structure.
A geographic zonation correlated to increasing coercivity in granites is observed
from rim to center of the structure: “Center type” granites typically preserved more
than 50 % of their original magnetization J0, while “Island Ring type” granites
preserved nearly 30-20 % of J0 and “Rim type” granites are almost completely
demagnetized after treatment up to 110 mT. Typical examples are granite samples
#11 for Center type, #4 and #6 for Island Ring type, #54 and #56 for Rim type (see
Fig. 4.5 for corresponding Zijderveld diagrams).

4.1.3.1.2

Site-mean ChRMs

ChRM of Impact Melt Rocks and Breccias
33 sample-mean ChRMs of impact melt rocks (IMR) and breccias gave a very well-defined
site-mean ChRM of reverse polarity (I = -28° and D = 168°) (Table 13). The 33 samplemean ChRMs are not shown, but the resulting site-mean ChRM of IMR (noted ChRMIMR)
is shown in green on Figure 4.7. This ChRMIMR is of good quality with highly clustered
points (k = 45). Three samples of clasts in impact breccias/melt rocks which gave normal
polarities were not included in its computation. The ChRMIMR is compared with ChRMs
of basement samples (granites, granodiorites and gabbros), which are mostly scattered and
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gave both normal and reverse directions (black and white dots in Fig. 4.7). Therefore, it
can be observed on Figure 4.7 that ChRMIMR (in green) do not match with most of the
basement sample-mean ChRMs (black and white dots). This is interpreted as an evidence
that the ChRMIMR represents the direction at the time of the impact.
Basement ChRMs
As seen previously, several basement samples show similar demagnetization paths as
impact melt rocks (Fig. 4.5). In fact, most of the basement sample-mean ChRMs also have
an upward inclination and are located in the 90° < D < 180° domain of the stereographic
projection, relatively “close” to the ChRMIMR (Fig. 4.7). Based on these observations, it
was considered that to some extent the basement might have been remagnetized by the
impact. A working hypothesis was that these remagnetized basement samples are all
located within the interior of the impact structure (named “central area” hereafter), i.e., on
the island ring and on the central islands (Fig. 4.4).
Using this geographic criteria, 21 ChRMs of basement samples from the central area gave
a second, independent, site-mean ChRM (Fig. 4.7, No 2 in Table 13). It yielded (D =
146.9°, I = -22.4°, k = 8.2, α95 = 11.8°, N = 21). This site-mean ChRM of “remagnetized”
basement is very much comparable to the ChRMIMR (D = 168.1°, I = -28.4°, k = 45, α95 =
3.8°, N = 33) (Table 13). Samples #11-20 are located on the central islands while other
samples are located on the island ring (Fig. 4.4, Table 12).
Analysis of the data refutes the working hypothesis formulated before, meaning that not all
remagnetized samples are located within the interior of the structure (center and island
rim). On the other hand, all samples located at the center are at least partially remagnetized,
except for the gabbro lithology which might have a different magnetic mineralogy.
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Table 12. List of ChRMs from basement samples located in the central area (island
ring and central islands) of the West Clearwater Lake impact structure.

1

Sample1

D (°)

I (°)

α95 (°)

p

1
2a
3ab
5
6abc
7b
8a
9
10b
11a
12ab
13
15a
16b
17a
18ab
19b
20a
57b
58b
59

358.5
137.2
104.3
125.5
153.2
118.5
109.4
94.2
119.2
157.3
150.2
159.4
160.4
172.2
160.2
151.1
157.3
341.2
158.9
162.7
150.7

8.4
-30.3
-47.8
-38.2
-50.6
-19.3
-31.8
-51
3
-28.3
-29.1
-28.5
5.9
-15.5
-2.4
14.6
19
14.3
-27.4
-26.5
-28.6

2.2
14.1
66.5
2.3
14
4.2
28.5
5.1
27.9
3
19.9
5.1
9.9
9.7
9
48.8
9.3
7.8
1.7
1.3
1.9

N
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
R
N
R
R
R

Rock type

Location

Island ring (East)
Granite

Granodiorite

Central islands

Gabbro

Granite

Island ring (North)

small letters indicate specimens: e.g., 11a means specimen a of core sample 11. Thus 12ab is a sample-mean ChRM obtained from

averaging ChRMs of specimens 12a and 12b. These sample-means are indicated in italic. Directions from other specimens (e.g., 7a)
correspond either to thermal demagnetization (i.e., pilot samples) or did not yield a satisfactory direction to be included in sample-mean
calculations. D = declination, I = inclination, α95 = Fisherian precision parameter, 95% circle of confidence, p = polarity.

Table 13. Parameters of site-mean ChRMs and virtual geomagnetic poles (VGPs)
computed from data acquired at the West Clearwater Lake impact structure.
Name
1)
Impact melt
component
2)
Remagnetized
basement
3)
LC comp. of
basement

α95 (°)

Plong.

Plat.

45

3.8

123.1

48

-22.4

8.2

11.8

148.9

81

8.9

17.2

274.4

Rock type

N

D (°)

I (°)

k

IMR/breccias

33

168.1

-28.4

Granites/
granodiorite

21

146.9

Granites/
granodiorite/
gabbro

10

349

A95 (°)

λ (°)

2.3

4.1

15.2

38.7

6.6

12.5

11.6

73

32

33.2

72.5

K

N = number of sample-mean ChRM (or site-mean ChRMs for the average), D = declination, I = inclination, PLon, PLat = paleomagnetic
pole position, λ = paleo-latitude, α95 = Fisherian precision parameter, 95% circle of confidence, k = Fisher’s concentration parameter,
A95 = 95% confidence circle of pole, IMR = Impact Melt Rocks, LC = low-coercivity.
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Figure 4.7. Site-mean ChRM of impact melt rocks (IMR, in green) compared to
scattered ChRMs of basement rocks (black and white dots). Sample-mean ChRMs
are not shown for the IMR because they are very well grouped. The site-mean
ChRM of basement rocks located in the central area (island ring and central
islands) of the structure (“remagnetized basement”, in red) is shown for
comparison. See text for details.
Low-coercivity component in basement
A secondary component of low-coercivity (LC) was observed in some basement samples,
notably granodiorites (e.g., sample #16), gabbros (e.g., sample #20) and a few granites
(e.g., sample #63). A site-mean paleomagnetic direction corresponding to the LCcomponent of these samples yielded (D = 349°, I = 81°, k = 8.9, α95 = 17.2°, N = 10)
(Table 13).
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4.1.3.1.3

VGPs and APWP

Previously computed site-mean ChRMs for the IMR and remagnetized basement have been
transformed in virtual geomagnetic poles (VGPs) using the PaleoMac software (Cogné
2003), which uses databases from Besse and Courtillot (1991). Looking at the literature, it
appears that this paleomagnetic database has to be updated and aged by ~20 Ma for the
Permian period (Menning 1995) (Rochette and Vandamme 2001). This correction is
included in the APWP presented in Figure 4.8.
The two computed VGPs (see Table 13 for parameters) are compared on a polar projection
with the apparent polar wander path (APWP) for North America (Fig. 4.8). It is notable
that the VGP of IMR falls almost exactly between the 280 and 290 Ma Permian APWP
poles. The VGP of remagnetized basement, however, falls slightly farther from the APWP
curve, and has a slightly higher A95.
Interestingly, the VGP corresponding to the LC-component present in some basement
samples (No 3 in Table 13) falls near the present-day geomagnetic pole, and seems to be
compatible with paleopoles < ~140 Ma (Fig. 4.8).
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Figure 4.8. Polar (orthographic) projection of the APWP for North America
compared with computed site-mean VGPs for impact melt rocks and remagnetized
basement of the West Clearwater impact structure, and corresponding
paleomagnetic pole. See Table 13 for parameters of VGPs. APWP data is from
(Besse and Courtillot 1991) but has been aged of 20 Ma as recommended in
(Menning 1995) (see text for details). Diagram realized with the PaleoMac software
v. 6.2 (Cogné 2003).
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4.1.3.1.4

Rock magnetism

The thermomagnetic experiment shows the evolution of magnetic susceptibility (K) as a
function of increasing temperature (T) up to 620 °C (red in Fig. 4.9) and subsequent
decreasing temperature down to 40 °C (blue in Fig. 4.9). The groundmass of clast-rich
impact melt rocks seems to be dominated by magnetite, detected for example via dramatic
decrease of the heating K-T curve at ~580 °C (sample #70, Fig. 4.9) corresponding to the
typical Curie temperature (Tc) of magnetite. Interestingly, the granodiorite (sample #15)
shows a similar behavior as the melt rock of sample #70 with a magnetic mineralogy
dominated by magnetite, but also displays an irreversibility at ~400 °C, indicative of
maghemite.
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Figure 4.9. High-temperature thermomagnetic curves performed on samples from
the West Clearwater Lake impact structure. Red is heating from room temperature
up to 620 °C and blue is cooling down from 620 °C to 40 °C. Samples 36 and 70 are
groundmass of clast-rich impact melt rocks, and sample 15 is a granodiorite.
Location of the samples can be seen on Figure 4.4.
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4.1.3.2

East Clearwater Lake impact structure

Inclination data from drilling 1-64 could be used. Results are three independent
paleomagnetic directions for the different sampled lithologies: granite, sediments and
impact melt rocks. They yielded a mean positive paleomagnetic inclination of ~26.5° ±
41.3° (Table 14). Unfortunately, the error on the inclination at the East Lake is very
important, a problem due to the little number of specimens which could be measured (see
§4.1.2).
Table 14. Parameters of independent paleomagnetic directions (ChRMs) computed
from data obtained from drill core 1-64 at the East Clearwater Lake impact
structure.
Site-mean ChRM

N

I (°)

I ± (°)

k

1) Granite

5

47.2

36.5

42.3

2) Sediments

2

12.5

5.5

2007.8

3) IMR

2

20.4

49.5

27.6

Average
1+2+3

3

26.5

41.3

42.3

214

4.1.4

Discussion

The calculated VGP of impact melt rocks fits remarkably well with the APWP data, and
falls exactly between the 280-290 Ma paleopoles (Fig. 4.8). This result is in very good
agreement with the latest radiometric ages (e.g.,

40

Ar/39Ar: 286.2 ± 2.2, Schmieder et al.

2015), confirming that the West Clearwater Lake impact structure formed at ~285 Ma. The
new VGP can be added to APWP data to improve existing databases. In addition, it could
give constraints about the cooling of impact melt sheets, as it seems that the impact melt
sheet at Clearwater West cooled long enough to significantly average the secular variation.
Interestingly, a low-coercivity overprint is present in some basement samples such as
granodiorites (e.g., sample #16), gabbros (e.g., sample #20) and some granites (e.g., sample
#63). These samples yielded a mean direction of normal polarity and a VGP clearly distinct
from the VGPs of ChRMIMR and remagnetized basement ChRMs. It falls near the presentday field and is compatible with ages < 140 Ma according to APWP data (Fig. 4.8). This
LC overprint is not observed in the IMR nor in most granite samples which show
unidirectional demagnetization paths similar to IMR and thus attributed to impact
remagnetization by heating or shock (Fig. 4.5). The LC overprint could possibly be due to
impact-induced hydrothermal alteration, but the fact that it is not found in IMRs as well
seems to exclude this possibility. In fact, why post-impact alteration would be confined
only to some lithologies or areas within the structure?
However, it has been shown that impact-induced hydrothermal alteration can alter
impactites very locally, sometimes creating an important difference in magnetic properties
of rocks located only a few meters apart (Zylberman et al. 2017). However, it seems
unlikely that the hydrothermal system generated by the impact lasted for more than a few
thousand years, so if this is a post-impact alteration event, it is likely not impact-induced
but rather of regional origin. Another possibility is a viscous remanent magnetization
(VRM).
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The geographical variation from center to edge of the structure observed in
demagnetization paths of granites seems to indicate a magnetic mineralogy trend possibly
linked to shock or alteration level changing laterally in the structure. This paleomagnetic
observation should be linked to further petrographic studies and rock magnetic experiments
of granites and impactites within the structure.

4.1.5

Conclusion

The new data brought by the present study confirms the age of the West Clearwater Lake
impact at ~285 Ma in the Permian. Target rocks such as granites and granodiorites are at
least partially remagnetized and display the impact remagnetization in their high-coercivity
components. A coercivity trend linked to geographical location of granites within the
structure is observed, with higher coercivity at the center. A low-coercivity component of
normal polarity overprint the reversed impact direction only in some basement samples,
and could correspond to a relatively recent (< 140 Ma) post-impact regional alteration event
or to a viscous remanent magnetization.
The case of the East structure is more difficult to interpret, because very few data are
available. Interestingly, the inclination found in granites at Clearwater East (Table 14) do
not seem compatible with an impact of age ≥ 300 Ma, which is different from the
inclination of IMR possibly compatible with such ages (Fig. 4.10). Despite the important
lack of precision in the East structure data, we believe that the observed differences both
in the literature (Scott et al. 1997) and in the present work argue against the double impact
hypothesis. However, more work has to be done as it seems difficult to obtain clear
paleomagnetic evidence without better constrained material for the East structure, such as
oriented core samples.
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Figure 4.10. Expected inclination at Clearwater Lakes as a function of age based on
APWP data. (Besse and Courtillot 1991; Torsvik et al. 2012).
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5

General conclusion and discussion

In this thesis, complex impact structures have been defined based on the existing literature
and rocks generated during the impact process have been studied. Then, it has been seen
that different geophysical methods could determine a geophysical “signature” specific to
each impact crater. This signature has been established in the case of the Tunnunik impact
structure based on new surveys of classical potential-field geophysical methods.
Subsequently, new drill cores were studied at Haughton impact structure, leading to the
first evidence that hydrothermal alteration can enhance magnetization in an impact crater.
Haughton’s geophysical signature and subsurface structure become more precise with new
measurements such as ERI. Finally, the importance of paleomagnetism applied to impact
cratering is demonstrated based on real case-studies of the Clearwater Lake impact
structures. The age of these two adjacent structures have been constrained, confirming that
the West Clearwater impact happened at ~285 Ma. There is a lack of data at the East Lake,
but the observed differences between the two structures both in the literature (e.g.,
morphology, paleomagnetism, magnetic and geochemical signatures, isotopic dating) and
in the present study, do not seem to argue in favor of the double impact theory.
Paleomagnetism remains a low-resolution dating technique with a large error compared to
isotope dating, and requires a relatively large number of samples. However, it is an
important alternative tool for datations. In fact, the study of impact craters via
paleomagnetism may also give new paleopoles for ancient continents, which would not be
obtained otherwise. APWP’s may become better defined once impact paleomagnetism is
taken into account, and paleomagnetic “impact tests” should be performed more frequently
(e.g., Salminen et al. 2006).
Probably, the most difficult aspect of this work was to reconcile several different impact
cratering studies in one single thesis. However, the approach developed here has shown
that good quality results can be obtained when combining several different techniques
together, which is easier when done at multiple sites. Another advantage of studying more
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than one site is that comparison then becomes possible, which is very critical especially for
the study of complex, eroded mid-size impact structures.
The most important point of this research, I believe, is to show the importance of postimpact processes on the impact cratering process itself, a clue which can be reported
through the measurement of geophysical anomalies.
Effect of erosion
At Tunnunik, a post-impact erosion of 1-3 km is suggested, based on the modeling of a 1
km deep reduced density zone affecting the structure and comparison with the erosion rate
at the nearby Haughton structure. The modeling fits the Bouguer gravity and magnetic
signals measured for the first time over the impact structure, which is characterized by a
~3 mGal negative gravity anomaly of 13 km in diameter, slightly offset from a 100 nT
positive magnetic anomaly. While the gravity anomaly is classically due to the reduction
in density because of fracturing, the magnetic field anomaly is believed to be due to
asymmetrically-uplifted basement with enhanced magnetization perhaps due to
hydrothermal alteration.
Pilkington and Grieve (1992) compared the maximum negative gravity values (called Δg
in the present study) with apparent crater diameter (Da) (Fig. 5.1), highlighting differences
between craters depending on the pre-impact target rocks and presence/absence of a central
gravity high. For example, it seems that craters in crystalline targets have a higher
maximum gravity value for a given diameter compared to craters in sedimentary targets.
Additionally, structures with high erosion levels (E = 6-7) tend to have smaller gravity
anomalies (Pilkington and Grieve 1992). This is confirmed by our gravity data point at
Tunnunik, which when plotted on the graph Δg vs Da appears clearly among the lowest
maximum negative gravity values for a structure of its size (red ‘T ’ in Figs. 5.1 and 5.2).
Tunnunik is also one of few structures to possess a central high within the overall negative
gravity low.
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Figure 5.1. Maximum gravity negative (Δg) as a function of apparent crater
diameter (Da). Line noted BAZ shows the variation predicted by the simple
hemispherical crater model of Basilevsky et al. (1983). (Pilkington and Grieve 1992).

Figure 5.2. Maximum gravity negative (Δg) as a function of apparent crater
diameter (Da). Numbers represent erosion index (E). T indicates Tunnunik, which
plots as E = 7. (Pilkington and Grieve 1992).
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Plado et al. (1999) also tested the effects of erosion on geophysical anomalies of impact
structures using a numerical approach. They modeled the shapes, widths and amplitudes of
gravity anomalies as a function of erosion level for a 30 km-diameter model crater which
has impacted in Precambrian crystalline target rocks and possesses a 1.5 km central uplift
(Figs. 5.3 and 5.4, Plado et al. 1999). They used six erosion levels from 1 to 6 km, with the
6 km erosion level corresponding to erosion index E = 7 of Pilkington and Grieve (1992).
They found an important decrease in the amplitude and wavelength of the anomaly, which
basically reduced from -36 mGal (fresh crater, Fig. 5.3A) to nearly 0 (6 km of erosion, with
E = 7, Fig. 5.3G). Interestingly, the gravity anomaly measured at Tunnunik seems to
correlate best in terms of amplitude with the case presented in Figure 5.3F, i.e., a 5 km of
erosion (E = 6) produces a maximum negative anomaly of ~ -3.6 mGal and also a small
central high of ~ -1 mGal. The wavelength however, seems slightly lower in the case of
Figure 5.3G and the shape of the anomaly less symmetric, with a kind of “cross” shape
similarly to the one observed in the present work. Looking at the wavelength in more
details, it appears that this parameter is less affected by erosion than the amplitude, with
only 3 km reduced after 6 km of erosion (Fig. 5.4). So, the wavelength measured at
Tunnunik is likely near the rim diameter of the crater. However, further measurements
outside our surveyed area are needed to determine the true wavelength and amplitude of
the gravity field anomaly of Tunnunik structure.
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Figure 5.3. Plan views of gravity anomalies at different erosion levels for a 30 kmdiameter symmetrical impact. Field of views are 50 × 50 km. Scales are in mGal.
A = fresh crater. B to G = 1 to 6 km of erosion respectively
(Plado et al. 1999).
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Figure 5.4. A) The used 30 km diameter model of a complex impact structure with
central uplift and occurring in a crystalline target. B) Evolution of the shape,
amplitude and wavelength of Bouguer gravity anomalies over the modelled crater
with increasing degree of erosion. Notably, the half-width is the less affected
parameter, and a newly-formed crater with a half-width of 25 km is reduced to only
22 km after 6 km of erosion, while the amplitude is reduced to levels near 0. (Plado
et al. 1999).
Based on the on the characteristics of the measured gravity anomaly, on the estimated
erosion level as well as erosion models, Tunnunik should possess a minimum final crater
diameter of 13 km (approximate extent of the reduced density zone). Higher values of D
may range from 13 to 21 km. This final crater diameter D value is nevertheless smaller
than the estimated apparent diameter Da (28 km), like is the case for most mid-size complex
impact structures, e.g., Haughton.
This study emphasizes the fact that new high-resolution (ground?) geophysical data are
needed over Tunnunik (with surveys extending beyond the crater rims) and other terrestrial
impact structures, to better constrain the relationships between erosion level and final crater
diameter. This has great importance for planetary surfaces. For instance, the Moon’s
GRAIL satellite mission recently revealed the various gravity signals observed over lunar
impact basins (Zuber et al. 2013). Such high-resolution (3 to 5 km) data are able not only
to image the structure (listric faults) and geometry of these basins (including buried uplifts),
but also to highlight some post-impact processes like lava flows and deposits.
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Effect of hydrothermal alteration
At Haughton, I described hydrothermally-altered impact melt rocks never observed
previously, including cm-size gypsum veins and altered zones. The altered core is about
five times more magnetic than the apparently non-altered rocks, but the signal is still eight
times lower than what is expected for the source of the main central magnetic field anomaly
based on magnetic modeling. Therefore, post-impact hydrothermal alteration can
significantly contributes to local magnetic anomalies in impact structures and should be
looked at more precisely with this goal in mind in future studies. Furthermore, epigenetic
concentration of highly magnetic clasts seems to be responsible for high gradients detected
in the near-surface.
Evidence for hydrothermal systems on other planets of the Solar System keep
accumulating, such as on Mars where both mineralogical and morphological evidences of
hydrothermal activity have been found (Figs. 5.5 and 5.6, respectively; e.g., Osinski et al.
2013). For example, spectral data seem to indicate the presence of hydrated silicate phases
at the surface of Martian impact craters (e.g., Toro crater), including opal, smectites,
prehnite and chlorite (Marzo et al. 2010). Reviews of such deposits in Martian impact
craters can be found in Pan et al. (2017) and Carter et al. (2013), while the Curiosity NASA
rover regularly observes remains of such past hydrothermal processes in Gale Crater on
Mars (e.g., Berger et al. 2017). A number of other Martian impact craters also show
possible traces of hydrothermal alteration (e.g., Turner et al. 2016).
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Figure 5.5. Possible hydrated mineral phases deduced from spectral data at Toro
crater, Mars. (Marzo et al. 2010).
Furthermore, morphological reliefs and ridges on Mars are interpreted as hydrothermal
mounds based on their physical and spectral characteristics, as well as their relationships
to the crater’s morphological units (Fig. 5.6a and b). They resemble such structures on
Earth, as they both have light-toned summits, quasi-symmetry and darker aprons (Fig. 5.6c)
(Marzo et al. 2010). This reminds us that ground-truth data on Earth is required in order to
gain a better understanding of planetary surfaces in the Solar System.
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Figure 5.6. Close-up of image DEM at Toro crater on Mars showing possible
hydrothermal mounds (a and b), and their supposed equivalent on Earth (Santorini
caldera, Greece) (credit: Institute for Exploration/University of Rhode
Island/Graduate School of Oceanography/URI Institute for Archaeological
Oceanography) (c). (Marzo et al. 2010).
The present work on the Haughton impact structure (Chap. 3) has shown that hydrothermal
alteration can locally change the aspect and physical properties of rocks, including their
magnetic signal. In order to locally alter the rocks (by opposition to pervasively), the
hydrothermal fluids need to be channeled in a structure (e.g., fault) or constrained by
petrophysical properties (e.g., low permeability). Interestingly, the described altered zone
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in the subsurface at the center of the Haughton impact structure seems to be rather small,
in the order of ~20 m (Fig. 3.4). In terms of size, this seems to match well with
hydrothermal mounds found at Toro crater on Mars (Fig. 5.6b), supporting the evidence
for these structures to be of hydrothermal origin. The hydrothermal zone described at
Haughton could well correspond to a “paleo-hot-spring” located on top of the hot impact
melt rock layer and possibly at the bottom of a crater lake (Fig. 1.27).
Regarding Planetary and Space Science itself, this study therefore has important
implications for the planning and realization of future missions studying planetary surfaces:
it shows that several different techniques are necessary to characterize in details the
geophysical signature and geological structure of an impact site. The latter will likely be
high-priority targets for future planetary exploration. However, there is a non-negligible
difference of scale between measurements on the ground and remote satellite data. Of
course, remote measurements are necessary at first to acquire large-scale information about
planetary surfaces (e.g., Zuber et al. 2013), and for example locate future landing sites and
high-priority targets for planetary exploration. They are, however, insufficient to fully
understand the geophysical signature of mid-size impact structures, and higher-resolution
data could perhaps resolve some geophysical anomalies possibly associated with mid-size
impact craters (e.g., short-wavelength anomalies visible around mid-size craters in Acuna
et al. 1999) or confirm their predicted signatures on Mars (Langlais and Thébault 2011).
For example, even airborne geophysical data cannot always resolve geophysical anomalies
(e.g., Tunnunik is not visible on regional gravity field data, Fig. 2.7). This means that
ground-truth studies such as field mapping and measurements on samples are also
necessary. This could be developed for future rovers and manned missions, which should
be equipped with susceptibilimeters and magnetometers.
Concept of geophysical signature
The notion developed in this work, and which I believe should become more widely used,
is the concept of “geophysical signature” of impact craters and structures. The term has
been used in early works such as Pilkington and Grieve (1992). One of the main
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characteristics of this notion should be that the geophysical signature of a particular impact
crater is not definite or “written in the rock”, for different and quite obvious reasons: first,
different geophysical measurements, even when using the same method, can lead to very
different results because of different parameters and/or resolutions. Second, new methods
can bring new sets of data which can be at different scales (e.g., the ERI study at Haughton).
Third, geophysical techniques will evolve, and better resolution data will be acquired.
Fourth, post-impact processes themselves modify significantly the geophysical signature
of impact structures over time. Therefore, I think the notion of geophysical signature should
be able to evolve and be improved with time. In the future, when large sets of more
complete data will be available, one work should be to classify the geophysical signature
of impact structures based on their evolution state, i.e., for a certain crater type and size,
what is the “level” of its geophysical signature depending on the post-impact processes
which affect it? For instance, we have seen that different erosion levels can be defined
based on certain criteria. Similarly, I propose that future studies look at classification
schemes for impact craters based on their geophysical signatures. This is certainly hard to
establish and require a large amount of data which we don’t have at present, but it could
possibly lead to very interesting perspectives and to the definition of more general trends,
which of course will be planetary-dependent.
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Appendices

Appendix A: Additional material
In addition to the main work presented in this thesis, more data was produced as part of
side-projects, such as paleomagnetic and petrographic studies. Part of the data produced
during the paleomagnetic study of the Haughton structure has been compiled and is
presented in Appendix A.1. This thesis was also an opportunity to participate as a
paleomagnetist in the IODP364 Chicxulub expedition. Therefore, I present here (Appendix
A.2) partial paleomagnetic results published in the IODP364 report.

Appendix B: List of related publications
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Appendix A: Additional material

A1. Paleomagnetism at Haughton
Paleomagnetism can help us understand the geological histories of impact craters, by
establishing relationships between impact events and magnetization processes. It has been
seen previously (§1.3.2) that impactites are not only the target rocks affected by the impact
(i.e., affected by shock metamorphism), but also new rocks formed during the impact
process (syn-impact), such as impact melt rocks (IMR) and breccias. Therefore, a
hypothesis can be made that these rocks recorded the direction of the geomagnetic field at
the time of impact, if the temperature generated during their formation is above the Curie
temperature Tc of their ferromagnetic minerals (e.g., magnetite). In this paragraph, it is not
the goal to try to constrain the impact age with paleomagnetism, but rather to show some
specific applications of paleomagnetism to impact processes.

Reversal test
First, we performed thermal demagnetization on a few samples from outside the crater rim,
and isolated their high temperature (HT) and low-temperature (LT) components. The
results are visualized on a stereographic projection and compared with the expected
paleomagnetic direction at the Ordovician, which is the expected time of formation for
these rocks (Fig. A.1). The LT components correspond to the direction of the present-day
geomagnetic field, which can be explained in terms of a secondary viscous remanent
magnetization (VRM).
On the other hand, the HT components are close to the expected paleomagnetic direction
at the Ordovician, for both reverse and normal polarities. This is because time-averaged
geomagnetic field directions during a normal polarity interval differ by 180° to directions
acquired during the corresponding reverse polarity interval. This is verified here through
measurement of the ChRM (the HT component), so it constitutes a positive reversal test
(Butler 1992). This important preliminary result means that no regional remagnetization
event could have affected the HT components of these rocks after the impact (i.e., the
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primary or characteristic remanent magnetization, ChRM), as they have preserved the
paleomagnetic direction recorded during their formation at the Ordovician. Therefore, a
different magnetization observed in the ChRM of Haughton’s impact-generated rocks
could only be due to the impact itself or to a phenomenon which happened relatively soon
after it.

Figure A1. Equal-area projection plot of low and high-temperature paleomagnetic
components of Ordovician carbonate rocks located outside Haughton’s crater rim
on Devon Island. This is an example of positive reversal test which demonstrates
that the HT components of Haughton’s target rocks (outside the crater rim)
constitute in fact a ChRM.

Conglomerate test
Another important statistical test in paleomagnetism is the “conglomerate test”, which is a
type of field test for paleomagnetic stability. This method allows to test if the ChRM in a
“conglomerate” (or breccia) is stable since before the deposition of the rock or if it was
acquired after deposition. If it is acquired before deposition, the ChRM in the clasts within
the conglomerate must be randomized by sedimentation (then the test is “passed”), while
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a non-random distribution indicates that the magnetization has been acquired after (or
during) formation of the rock, and therefore in this case the ChRM is not the primary
magnetization of the clasts (then the test is “failed”) (Butler 1992).
Here, it is possible to apply this test to impact-generated rocks such as impact melt rocks
(see §1.3.2 for details). This can help answer the following question: are the impact melt
rocks (IMR) at Haughton emplaced at relatively high (hot-emplaced) or low (coldemplaced) temperature? (Fig. A2)

Figure A2. Hot or cold mode of emplacement of a breccia or conglomerate rock.
If the rock is emplaced at high temperature (left), the ChRM in different clasts
within the rock all have a similar direction (on a stereographic projection, the
directions are clustered. The test is then “failed”). If the rock is emplaced at low
(cold) temperature (middle), then the directions are random. (Gattacceca, Pers.
Comm.).
The ChRM components of clasts contained in IMR were measured and gave a cluster of
paleomagnetic directions (Fig. A3), thus corresponding to a non-random distribution: the
conglomerate test failed, indicating that the IMR were remagnetized and that the ChRM
contained in their clasts is a secondary NRM. Furthermore, it indicates that these rocks are
emplaced at high-temperature, at least above the Curie temperature Tc of their
ferromagnetic minerals (Tc = 550 °C for pyrrhotite, which is the main remanence carrier in
target rocks at Haughton (Quesnel et al. 2013). Combined with the previous positive
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reversal test, it can be affirmed that this secondary NRM is impact-induced, as no regional
remagnetization event has been found outside of the crater.

Figure A3. ChRM of impact melt rocks (IMR) including clasts (red) and impacttilted target rocks (blue). All samples are located within the Haughton impact
structure.
The direction of clasts within IMR has been compared with the ChRM components of
impact-tilted target rocks (i.e., pre-impact target rocks such as carbonates), all located
within the diameter of the impact structure (Fig. A3). This shows that the two directions
are slightly different, with the IMR farther from the present-day direction of the
geomagnetic field than the tilted blocks.

Fold test
Concerning the tilted blocks which paleomagnetic direction slightly deviates from the
direction of clasts in IMR, an interpretation can be that these blocks have been
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remagnetized by an event soon after the impact, such as for example impact-induced
hydrothermal alteration (Chap. 3). If this is true, then the magnetization must be posttilting, as impact-induced tilting is expected to happen seconds to minutes after the contact
and compression stage of crater formation (Potter and Kring 2017). Furthermore, all target
rocks are flat-lying outside of the Haughton impact structure (Osinski et al. 2005).
In order to test the hypothesis cited above, a “fold test” can be performed, which permits
to evaluate the timing of ChRM acquisition relative to folding. If the ChRM is acquired
after folding, then all blocks with different tilts in situ (or dip angles φ, Fig. A4) have
similar ChRM, no matter their dip angle.

Figure A4. Principle of a “failed” paleomagnetic fold test.
Left: tilted blocks (or strata) have different dips φ which can be measured in situ in
the field. When measured, their characteristic remanent magnetization (ChRM) are
all the same no matter the different dip angles. Right: after bedding correction, the
ChRM are scattered, meaning that they were acquired prior to tilting.
After bedding correction, different directions are found, giving a scattered distribution. In
this case, the scattering increases, so the test is said to have “failed”, and the paleomagnetic
directions have indeed been acquired after tilting. Instead, if the ChRM was acquired before
folding, then paleomagnetic directions would be dispersed before correction and would
converge when the dip correction is applied, virtually restoring tilted beds to their
horizontal position (Butler 1992).
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In the present case, the fold test is failed, meaning that the ChRM in the tilted blocks is a
secondary post-tilting magnetization (Fig. A5). However, the positive reversal test
performed previously has shown that no regional remagnetization event is present outside
of the crater, while the tilting observed within Haughton must be impact-induced.
Therefore, how is it possible to reconcile these observations? Perhaps, hydrothermal
alteration happened relatively soon after the impact event and its impact-induced tilting, so
that both paleomagnetic directions of clasts within IMR and tilted blocks are different but
not so far from each other (Fig. A3). In fact, the magnetization of tilted blocks is
attributable to the impact, but more work has to be done to determine exactly which type
of magnetization is this ChRM. Most likely, it could be a CRM due to the hydrothermal
system generated after the Haughton impact event (Osinski et al. 2001) (Chap. 3). If this
hypothesis is to be followed, the following question must be answered: Why this
remagnetization only affected some rocks within the crater (called “tilted blocks” here)?
Perhaps, clasts have been protected within the IMR, but then the IMR could have been
remagnetized as well. It might be useful in the future to put this brief paleomagnetic study
in relation with the magnetic field anomalies detected on Haughton’s rim and other
locations within the crater (see Glass et al. 2012), and verify:
1) To which lithology these anomalous zones correspond;
2) If they are hydrothermally altered;
3) If so, if their magnetizations have been enhanced through alteration, such as for
Haughton’s central magnetic field anomaly (Chap. 3);
4) Perform a more comprehensive paleomagnetic study with fold tests on
remagnetized blocks/strata and further experiments to constrain the nature of the
magnetization.
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Figure A5. Failed paleomagnetic fold test for Haughton tilted blocks viewed on
equal-area projections. Left: before bedding correction. Right: after bedding
correction.
The scheme presented below (Fig. A6) summarizes the paleomagnetic observations
described previously, and shows that they can be placed in a chronologic context relative
to the impact event itself.
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Figure A6. Relative chronology of pre-, syn- and post-impact cratering processes
established at Haughton based on paleomagnetism. Magnetizations shown by black
arrows in the limestones and basement are not necessarily antiparallel.
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A.2. Influence of lithology and types of magnetization:
example at Chicxulub
Introduction
Chicxulub is a much larger structure, and its rim-to-rim diameter has been estimated to be
around 150 km. Based on outer rim faults observed with seismic reflection data, the
diameter has also been estimated to be about ~195-210 km (Gulick et al. 2008; Morgan et
al. 1997). It is the only crater on Earth to have been directly associated with a mass
extinction event and with a global ejecta layer. Furthermore, it is the best preserved of the
three largest terrestrial impact structures, and the only one to have preserved an
unequivocal topographic peak ring (Gulick et al. 2016).
Located in the Yucatán peninsula in Mexico, the structure is buried below platform
carbonates and is invisible from satellite or topographic data. In fact, following suggestion
that the K-Pg extinction was caused by an extraterrestrial event (Alvarez et al. 1980), the
crater was discovered thanks to potential field magnetic and gravity data (Penfield and
Camargo-Zanoguera 1981) (Hildebrand et al. 1991).
Since its discovery, several new geophysical measurements have been performed at
Chicxulub, such as additional gravity and magnetic data, seismic reflection and refraction,
and magnetotelluric data (for a review see Morgan and Rebolledo-Vieyra 2013 as well as
Gulick et al. 2013).
In short, the structure is characterized by a ~180 km circular gravity low, a ~50 km wide
central gravity high and a ~100 km wide magnetic field anomaly composed of a largeamplitude central anomaly surrounded by reversed, smaller dipolar anomalies (Fig. A7)
(e.g., Pilkington et al. 1994).
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Figure A7. Potential-field anomalies associated with the Chicxulub impact structure
buried on the Yucatán peninsula, Mexico. Top: magnetic field anomalies. Data from
USGS. Middle: Bouguer gravity anomalies. Data from BGI. Bottom: topography on
the coast of Yucatán. In this bottom image, the coastline is highlighted with a black
line, sea is blue. (Quesnel, Pers. Comm.) (Hildebrand et al. 1991; Bonvalot et al.
2012; Amante and Eakins 2009).
Sources of the magnetic field anomalies were modelled by Pilkington and Hildebrand
(2000). Their selected inverted model shows that small magnetic bodies within the
allochthonous breccias could be the source of observed short-wavelength magnetic
anomalies, while a zone of the central uplift could be the source of long-wavelength
magnetic anomalies (Pilkington and Hildebrand 2000). Since then, new data has been
acquired and a new structural model has been proposed, suggesting that the magnetic
source is approximately 6 km deep within the center of the impact structure, with rapid
changes in the magnetic signal attributable to faulting in the central uplift (RebolledoVieyra et al. 2010).
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IODP364: the expedition
From the numerous studies performed at Chicxulub since its discovery, one outstanding
question has arisen: “What is the nature (lithology, depth of origin and physical state) of
the rocks that form the peak ring?” (Morgan and Rebolledo-Vieyra 2013).
To answer this question, a proposal was made to the International Ocean Drilling Program,
to go to Mexico and drill into the peak-ring of the Chicxulub impact structure. In fact, all
previous drillings were onshore, and did not reach the peak-ring; the proposition was
accepted, leading to the realization of IODP364, a two-phase international scientific
expedition (Gulick et al. 2016).
The offshore phase of the expedition happened in April-May 2016 as a “Mission Specific
Platform”, in which a single borehole was drilled in the shallow waters of the Yucatán
Peninsula into the crater floor from a lift-boat, the Myrtle (Fig. A8) (ECORD 2017). It
recovered solid drill cores from ~505 to ~1335 m below seafloor with a ~99% core
recovery, acquiring in the meantime downhole logs for the entire depth, including density
and seismic velocity measurements. Results from the offshore phase have already been
published (Morgan et al. 2016), confirming one of the two proposed models of peak-ring
formation in large impact craters: the dynamic collapse model, which states that peak-rings
originate from the collapse of over-heightened central peaks (Morgan et al. 2016).
Subsequently, the onshore phase (or onshore “Science Party”) of the expedition happened
in September-October 2016 at the MARUM institute in Bremen (Germany), where a
specific core repository is used to store and study drill cores brought back from Mexico.
The work performed at Bremen consisted in preparing (sampling) and measuring nearly
300 paleomagnetic samples from all depths within the Chicxulub drill cores. It was carried
out in collaboration with Prof. Sonia Tikoo (Rutgers University) and aimed at providing a
preliminary characterization of the NRM of post-impact sediments, impact melt-bearing
breccia, impact melt rocks, and basement target rocks within the peak ring of Chicxulub
(Gulick et al. 2017).
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Figure A8. The lift-boat Myrtle transformed in drilling-platform during the
offshore phase of IODP364 expedition. Photography © PérezCruz@ECORD_IODP. More pictures and information about the expedition can be
found online (ESO 2016).

Figure A9. Petrographic description of the cores during the onshore phase of the
IODP364 expedition, MARUM Institute, Bremen, Germany.
Photography © wzylberman@ECORD_IODP.
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Figure A10. Prof. Sonia Tikoo (left) with fellow paleomagnetist William Zylberman
(right) holding paleomagnetic sample after sampling the Chicxulub drill core.
Photography © stikoo@ECORD_IODP.

Onshore science party: some preliminary results
Here, some of the results obtained from paleomagnetic measurements at Bremen are
presented. These results have been published in the preliminary report of the expedition
(Gulick et al. 2017), as well as in an abstract submitted to the 48th LPSC conference (Tikoo
et al. 2017). Other results from the onshore science party can also be found in the
preliminary report and in several abstracts presented at the 48th LPSC conference (e.g.,
Urrutia-Fucugauchi et al. 2017).

Methods
During the onshore phase, nearly 300 samples were prepared (samples are classical
paleomagnetic plugs of ~12.25 cm3) and their NRM measured. Limited AF
demagnetization up to 15-20 mT was performed following the IODP procedure for onshore
measurements. Samples were collected every 3 m along the entire length of the core.
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The post-impact sedimentary column will not be described here, because most of sediment
samples carried a normal polarity overprint representing either drilling-induced
magnetization or viscous remanent magnetization, which was not fully removed by 15-20
mT of AF field, therefore preventing the characterization of a possible underlying ChRM
and establishment of a reliable magnetostratigraphy (Gulick et al. 2017). The rest of the
core represents 240 impactite samples, including 45 suevite samples and 195 basement
samples including granite, pre-impact dolerite dykes, and intrusions of syn-impact dikes of
melt rocks and breccias. Most impact melt rock samples could not be measured at the
Universität Bremen (in which the paleomagnetism laboratory is not equipped with a
shielded room) because their strong magnetization was saturating the 2G Enterprises
superconducting magnetometer. However, some of them could be measured ad posteriori
at the laboratory of rock magnetism at CEREGE, along with full AF demagnetization
procedures up to 110 mT which could not be completed before in Germany.

Preliminary results
The ultimate goal of the present paleomagnetic study is to characterize the different types
of remanence which can be recorded in different core lithologies, to finally link impact
processes to origins of magnetization (Tikoo et al. 2017).
Peak ring breccias and impact melt rocks (abbreviated to IMR) (§1.3.2) mostly show a
reverse polarity NRM with a mean inclination I ≈ -44° (Fig. A11), compatible with what
is expected during reverse polarity Chron 29R and with what was found in previous
investigations of such rocks in other drill holes at Chicxulub (Urrutia-Fucugauchi et al.
1994; Urrutia-Fucugauchi et al. 2004; Velasco-Villareal et al. 2011). Importantly, IMR are
the most magnetic rocks encountered in the drill hole: their measurable NRM values have
been found to range between ~2×10-5 A m² and ~2×10-4 A m², suggesting that they may
well constitute the source of Chicxulub magnetic field anomalies (Tikoo et al. 2017). The
NRM data also correlate positively with susceptibility data acquired during the offshore
phase of the expedition, indicating that clast-poor impact melt rocks have the highest
magnetic susceptibilities of all impactites in the drill hole (Fig. A11). Interestingly, some

246

breccia samples have a normal polarity NRM with ~38° inclination (Fig. A11), which is
unusual but consistent with Chron 29n which follows Chron 29R in which the impact is
supposed to have happened. These zones of normal polarity may well be resulting from
post-impact remagnetization event(s), such as for example impact-induced hydrothermal
alteration (e.g., Chap. 3, Zylberman et al. 2017) during a normal polarity interval following
the impact event, suggesting that the Chicxulub impact generated a hydrothermal system
which could have lasted for a minimum of 300 kyr (Tikoo et al. 2017).

Figure A11. Magnetic properties of discrete samples from the impact melt
rock/peak ring breccia section (middle part of the drill hole). Note that depth is
given in MBSF (Meters Below Sea-Floor). Magnetic susceptibility data is from
MSCL (multi-sensor core logger) shipboard measurements. NRM = natural
remanent magnetization. AF 20 = measurement of the remaining magnetization
after alternating-field demagnetization at an AF field of 20 mT. Green at the top are
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post-impact sediments, and pink at the bottom are basement rocks. Colors on the
lithostratigraphic column are as follow: pink = granitoid; purple = polymict breccia;
orange = impact melt rock. (Tikoo et al. 2017).
The basement sequence is mostly constituted of granite and pre-impact dykes (e.g.,
dolerite). Their NRMs range between ~3×10-8 Am2 and ~4×10-5 Am2. The mean inclination
of granite NRMs is near -34° while pre-impact dykes have a mean NRMs inclination near
-25°. After demagnetization up to 20 mT, several basement samples switched to positive
inclination (Fig. A12), indicating that numerous magnetization components are present.
The fact that most secondary NRMs in basement samples are of reverse polarity seems to
indicate that it is an overprint from the impact, which could be of shock or thermal origin.
The primary magnetization preserved in the samples can be inherited from the time where
the basement formed, possibly in a normal polarity interval (Tikoo et al. 2017).
Preliminary rock magnetic experiments have been performed, and indicate that magnetites
or titanomagnetites are likely the dominant ferromagnetic minerals in the impactites (Tikoo
et al. 2017).
This study is still ongoing and many questions remain unanswered, such as for example:
Why is the hydrothermal alteration limited to specific zones within the peak ring
breccia/melt rock section? Could they be in relation with fracture/fault zones in the interior
of the peak ring and therefore be a type of non-pervasive alteration? (for a review on
hydrothermal alteration and processes, see Pirajno 2009).
It has also shown that different types of lithologies have a different magnetization history,
even if they are all at a same location, because the impact cratering processes are very
complex and superimposed. In fact, rocks that are now juxtaposed next to each other may
in fact originally come from totally different depths and forming material (e.g., unmelted
but shocked and displaced granite blocks; melted/brecciated and shocked pre-impact target
rocks), while post-impact processes somehow selectively remagnetized a part of the
sequence.
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Figure A12. Magnetic properties of discrete samples from the basement section
(lower part of the drill hole). Note that depth is given in MBSF (Meters Below SeaFloor). Magnetic susceptibility data is from MSCL (multi-sensor core logger)
shipboard measurements. NRM = natural remanent magnetization. AF 20 =
measurement of the remaining magnetization after alternating-field
demagnetization at an AF field of 20 mT. Colors on the lithostratigraphic column
are as follow: pink = granitoid; purple = polymict breccia; orange = impact melt
rock; yellow = monomict breccia. (Tikoo et al. 2017).
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